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GROUNDWATER FLOW AND SOLUTE TRANSPORT MODELING OF 
COAL PILE LEACHATE FROM AN ELECTRIC STATION 
IN THE MIDDLE ATLANTIC REGION 
I 
I . 
• 
By Gail G. Crosbie 
1.0 ABSTRACT 
Groundwater transport of coal l~achate from an existing unlined coal 
storage pile was investigated using analytical and computer models. 
Field observations, including hydrologic, hydraulic, geologic and geo-
chemical data, were used as initial model estimates. Impacts of the 
transported contaminant were discussed. 
Approximately 1. 3 x 109 kg ( 1. 3 million tons) of coal are stockpiled 
91-122 m (300~400 ft) west of a river in a storage yard covering about 
117,000 m2 (29 acres). Since installation of an extensive groundwater 
monitoring network (17 wells) in 1984, initial monitoring revealed high 
. levels of sulfate (SO 4), iron (Fe), manganese (Mn), cadmium (Cd) and 
•• r> 
, 
aluminum (Al)', typical~ of acid mine drainage. 
Groundwater modeling helped to: interpret groundwater data, define flow 
patterns and contaminant transport sensitivities, and identify data 
collection needs. Unidirectional flow was modeled analytically,· then, 
two-dimensional flow model simulations were developed with the "Computer 
- 1 -
.. 
,. 
l 
• 
.. 
.. 
\ 
Model of Two-Dimensional Solute Transport and Dispersion in Ground 
' ., 
Water" (Konikow and Bredehoeft, 1978). 
Flow calibration was obtained by varying head, transmissivity and 
recharge. Iterative simulations were used to match observed water 
levels. Then solute transport simulations tested the model's sensi• 
tivi ty. Varying model parameters (leachate rates and concentrati9,p.s, 
, " 
saturated thickness, porosity, dispersivities, and transmissivity) 
provided a range of probable contaminant impacts. 
The steady-state flow/solute transport model simulated a conservative 
contaminant transported in the saturated groundwater below the coal pile 
and adjacent areas. Aquifer transmissivity, varied over the modeled 
site, represented one combined geologic layer (sand/gravel and 
weathered/fIPctured/intact shale) of varying saturated thickness. 
Overall, a good match was achieved with observed ( 1984) contaminant 
levels. The site reached a "dynamic ··state of equilibrium" in a twenty-
vear simulation. 
-
This equilibrium, a .chemical steady state below 
complete c;.:ontaminant ·saturation, was caused by upgradient fiows diluting 
leachate . from the North Runoff Collection Pond (NRCP) and the pile. 
These simulated results point to the runoff collection ponds as major 
~ 
potential sources of grotlndwater contamination at the site. More data 
from and near these sources would increase certainty in" these simulated 
results •. 
/ 
- 2 -
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2.0 INTRODUCTION 
The Plant's Silt and Coal Stor{lge Yard is located at 'its northeast end 
i b 117,000 m2 cov~r ng a out 
i 1 1 3 109 kg approx mate y • x 
i 
(29 acres). The storage facility · contains 
(1.3 million tons) of coal and silt in a 
pile, roughly 945 m (3,100 ft) long .and 122 m (400 ft) wide. The 
topography of the silt and coal piles vary ·greatly, often reaching 
23-30 m (75-100 ft) in height. The piles are normally quite steep 
(necessitated by limited storage space) up to lH: lV. The edge of the 
l pile is 91-~22 m (300-400 ft) west of a river, and the pile is unlined. 
) 
The power plant and the pile have existed since 1949. 
Between the pile and the river lies a portion of an abandoned canal. 
Canal water is typically O. 3-0. 9 m ( 1-3 ft) deep and is orange-red in 
color from groundwater seepage. The water has been analyzed as being 
highly conductive, which is typical of acid mine drainage. The Company 
periodically pumps this water out and treats it in the Plant's Inci-
dental Waste Treatment Basins, adjacent to the pile. Although canal 
water does not directly discharge to the river, orange-colored ground-
water has been observed seeping from the river bank downgradient of the 
,· 
pile. (Dunn, 1985). 
The Company undertook a preliminary groundwater investigation in 
November, 1984. This investigation entailed the installation of an 
extensive groundwater monitoring network (17 wells) in and near the coal 
~ 3 -
a 
• 
b pile, near three existing wells at the metal cleaning.waste basins and 
near the two coal pile runoff ponds, the North Runoff Collection Pond 
r 
(NRCP) and the South Runoff Collection Pond (SRCP) (Figure 1). Initial 
monitoring of wells revealed high levels of sulfate (504), iron (Fe), 
manganese (Mn), aluminum (Al), cadmium (Cd) and nickel (Ni). (See 
Section 4.3.2. - Leachate Characteristics.) 
., 
' 
3.0 SCOPE OF WORK 
The scope of this thesis was to investigate the extent and impact of 
groundwater contamination by coal/silt leachate from an existing coal/. 
silt storage pile at an operating coal-fired steam electric station, 
using analytical and computer models. The impact of the transported 
/ pr 
contaminants on nearby areas was assessed, and results and recommen-
dations were reported. 
Th~· Research Plan consisted of the following major tasks: 
. .'-., 
o Data Acquisition and Review 
o Data Analysis and Interpretation 
o Groundwater Model Selection 
o Model Calibration 
o Model Sensitivity Analysis 
o Results and Recommendations - Contaminant Impact Assessment 
- 4 -
\ 
.. 
A detailed description of each research task follows. 
Data Acquisition and Review 
Existing hydrologic, hydraulic, geologic and g~ochemical data were 
acquired and reviewed to understand the present groundwater problem: 
1 • Review/interpret and develop existing hydrogeologic data for input 
. .. 
to groundwater model. 
2. Review coal placement history, including engineering reports, 
aerial photos and original/present-day operating procedures. 
3. Obtain and review regional precipitation/recharge data for input 
into the water budget model. 
4. Review water chemistry and geochemistry information to characterize 
" 
background contaminant levels and site contaminant levels. 
' 
Available literaf'ure and Company records provided the database from 
which subsequent tasks were performed. 
'fl 
- 5 -
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Data Analysis and Interpretation 
.. 
Available data were analyzed and interpreted for use as initial input 
parameters to the modeling effort. Since field data were limited, 
assumptions were made for areas without data, based primarily on the 
literature. 
Groundwater Model Selection 
Groundwater modeling was used to help interpret groundwater data 
• 
obtained from past studies, to define flow patterns and plume boundary 
locations and to identify data collection needs. Water budgets were 
used to obtain gross estimates of· water in the system. Analytical 
models were used to understand how changes in transmissivity would 
affect water levels. 
Various available computer models were reviewed for their applicability 
to the site and to remedial actions, if necessary. Computer model ·· 
selection was based on data availability and requirements of each model, 
model availability and ease of set-up, and the abilities of the model to 
satisfactorily simulate actual processes at the site. The model used in 
this research was the "Computer Model of Two-Dimensional Solute Trans-
port and Dispersion in Ground Water" developed by Konikow and Bredehoeft 
for the United States Geological Survey (1978). 
- 6 - ( 
,, 
\ 
'I 
Model Calibration 
Models were set-up and calibrated using existing data. Hydraulic 
gradients 1· aquifer thickness, transmissivity, and hydraulic conductivity 
data were incorporated into the analytical/computer modeling of ground-
water flow, as required. Assumed dispersivities and porosity ~ere 
incorporated into the computer modeling of solute transport. 
Model Sensitivity Ana~yses 
( 
Calculated groundwater contours were compared to observed contours by 
varying parameters in the models, primarily transmissivity and recharge. 
Limited solute transport runs were made varying model parameters dealing 
with contaminant source and movement (leaching rates, leachate concen-
trations, dispersivities, and transmissivity) to provide a range of 
probable impacts • 
... 
Results - Contaminant Impact Assessment 
Groundwater modeling was used to represent past and present contaminant 
impacts. The results of this impact assessment on the groundwater and 
surface water in the vicinity were reported. 
- 7 -
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4.0 SITE- AND REGION-SPECIFIC DATA ACQUISITION 
\ 
Existing site- and region-specific information on geology, hydrology and 
I 
coal piles was reviewed ... in order to better understand the groundwater 
flow system and mechanisms for solute transport. The review included: 
o general and regional literature 
0 regional geologic, soils and topographic maps 
o site geologic and hydrogeologic investigations 
o site photographs, drawings, and topographic map 
o site coal operations records 
4 .1 · Geology 
Understanding the regional and site-specific properties of soils and 
rocks under the coal pile was necessary to assess the groundwater 
. 
system. Sedimentary rocks and soils differ in texture, structure, and 
• 
mineral composition, resulting in pronounced ditferences in both p~ysi-
cal properties and water-bearing characteristics. Therefore, review of 
., 
general and regional literature was an important first step in the site 
assessment (Section 4.1.1). 
To supplement literature information, previous site investigations used 
geophysical techniques to locate discontinuities in soil and rock 
pro·perties below the water table (Dunn, 1985) • The geophysical program 
! 
- 8 -
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/ 
l / 
• 
.... 
preceded the drilling program in order to minimize the number of borings 
and optimize the monitoring ·well locations. These programs were 
reviewed and correlated to some extent with the groundwater qual-ity 
(Section 4.1.2). 
• 
As a further supplement to these more quantitative geologic data, 
geochemical observations along the riverbank were note4 in previous site 
investigations (Dunn, 1985) and were crudely correlated with the geo-
physical data (Section-4.1.3). 
Soil and Rock Characteristics 
,/ 
I/ 
The plant lies within the Valley and Ridge Physiographic Pro~ince of the 
Appalachian Mountains on a river floodplain. Site soils are stratified 
sands and gravels with some clays and silts. The bedrock underlying the 
site consists of weathered, fractured and intact black and gray shales. 
~~~ir properties and characteristics were investigated through litera-
ture review (Fetter, 1980, Freeze & Cherry, 1979) and field investi-
gations (Dunn, 1985). 
Site soils are predominantly alluvium deposited by the river, colluviu~ 
. 
deposited by rainwash or sheetwash and some residual soils at higher 
elevations in the site (Personal Connnunication, P. B. Myers, 1985). A 
large alluvial plain is a complex system of more or less lens-shaped 
. ' ~,,.: 
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elongated discontinuous layers of sand, gravel, silt and clay, inc1.uding 
various mixtures of these components (EPRI, 1985). 
The soil type along the river encompassing the entire plant was not 
defined; as it was designated urban land (Interim County Soil Survey, 
1971.) However, from the nonurbanized portions of the drainage area, 
the site soil was inferred to be Wheeling stratified sand and gravel 
with 0-3% slopes. The drainage area above the urbanized land is 
Wheeling fine sandy , loam with 0-8% slopes, moderately eroded ( Interim 
County Soil Survey, 1971). The Wheeling soil was typically 3. 05 m 
(10 ft) deep or greater before reac~ing bedrock. 
On-site drilling confirmed this soil stratigraphy. ·A total of fourteen 
borings were drilled; of these, eleven provideo information on soils and 
five on soil and rock. A plot plan of the monitoring well borings and 
existing wells was provided in Figure 1. Three air rotary-drilled soil 
borings provided no precise stratigraphic data as this drilling is 
destructive of the bored material (Dunn, 1985). General descriptions 
·~-
are shown in Table 1. 
. 
\ 
The shale bedrock underlying the site is of the Devonian Marcellus " 
Formation, which is part of the Hamilton Group (Dh). Shale outcrops are 
• 
commonly brittle and fractured, but at depth, shale can coritain less 
·frequent fractures, thereby' reducing i·ts water-transmitting capabili-
., 
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General 
Pile 
Location 
North 
Northeast 
Northwest 
and South 
Southwest 
TABLE 1 
GENERAL DESCRIPTION OF SOILS 
Soil Type 
Sandy ciay with~ilty, 
clayey gravels 
Sandy clay 
Silty clayey gravels 
0-
Residual soil - brown 
silty clay with olive 
brown weathered shale 
fragments 
, __ 
Borings 
MW-3, 5 and 9 
MW-10 
MW-2, 4, 11 
CLl, 2, 3 
MW-1 
*Note: Monitoring Well Borings MW-6, 7, and 8 not included as they were 
air-rotary drilled. 
•, 
\ 
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ties. Secondary hydraulic conductivity can develop in shale at any 
location through fracturing (Freeze & Cherry, 1979). 
' 
In the Marce1lus Shale, about 0.40 km (0.25 mile) south but across· the 
river on a hillside, a 215 m (704 ft) deep boring was drilled revealing 
a fault at approximately Elev. 123 m (405 ft) (Wood, et al·., 1969) .. 
. 
This elevation is about 12.2 m (40 ft) below the pile. The depth of 
this boring inf erred that the Marcellus Formation is at least 107 m 
(350 ft) thick on the plant (west) side of the river. Below this, an 
isopach map showed at least 18.3 m (60 ft) of Selinsgrove Limestone 
(Wood, et al., 1969). No further information was provided about the 
fault, as it was out of the primary region of study. Fractures must be 
studied on a very localized basis to quantify their possible affects on 
the groundwater system. 
\_1 
A fracture trace analysis was conducted at the site to locate fractures 
by stereographic photography. Although the analyses revealed some minor 
fracture traces, none were observed to traverse the site (Dunn, 1985). 
The five corings, CL-1, 2, 3 and MW-4 and 5, showed dark gray and black 
shale, which parted easily along bedding planes into pieces averaging. 
about 7. 6 cm ( 3 in) in thicknes\'1. All cores displayed jointing· at 
60 degrees and for the most part became decreasingly fractured with 
depth (Dunn, 1985) . 
- lZ -
This shale is also susceptible to weathering, another process which can 
increase hydraulic conductivity on a very site-specific basis.· " Marcel-
lus Shale commonly weathers to light gray and medium-gray paper ~hin 
flakes (Wood, et al., 1965). Weathered/fractured shale was noted in 
,. 
three of the four borings along the west (upgradient) side of the site 
(MW-1, 2 and CLl, but not MW-3, the northernmost well). 
In summary, the site was made up of a ~and/gravel layer overlying a 
partially weathered and variably fractured and intact shale layer. 
4. 1. 2 Geophysical Testing 
An electromagnetic (EM) terrain conductivity survey was performed along 
the inactive canal downgradient of the coal pile in order to determine 
placement of the eight . downgradient monitoring wells. In addition, 
fluid conductivity and temperature surveys were performed on the canal 
water to correlate with terrain cQpductivity data (Figure 2). A plot 
plan of the areal contours of terrain conductivity, was developed using 
data in Figure 2 (Figure 3). 
The Geonics EM-34 Terrain Conductivity meter was used in a vertical 
dipole configuration with a coil separation of 10 meters. The effective 
. 
depth of penetration was 15 m (50 ft), with a majority of the signal 
' 
weighted at a depth of 6 m (20 ft). The meter was configured in this 
,-,. 
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way so the readings would be weighted below the water table in the zone 
of potential contamination (Dunn, 1985). 
/ 
The EM technique uses a noncontac t method, whereby current is induc-
tively coupled into the soil/groundwater system. The EM instrument 
measures a secondary field caused by this current; this secondary field 
is directly proportional to the bulk subsurface (soil) conductivities 
(Glaccum, 1983). EM techniques provide a measure of subsurface elec-
trical properties which are a function of soil type, hydl"llulic con-
ductivity, water content and electrolyte content of the pore fluids 
(Glaccum, 1983) . Changes in these parameter's, causing measurable 
variations in electromagnetic conductivity, can result from: contami-
nant plumes, abandoned trenches/lagoons, bedrock fracture zones, lithe-
logic variations, and buried metal objects (EPRI, 1985). These changes 
at the plant could result from plumes, fractures, .or soil/rock varia-
tions. Dunn believes that the fractures contribute to flow and thus 
contribute to the contaminant plume; this is borne out by the chemical 
analyses (Dunn, 1985). 
High terrain conductivity readings and high fluid conductivity and 
temperature readings in the canal water occurred 1,300 feet north of the 
canal gate. This area was thereby presumed to be the predominant zone 
of groundwater inflow into the canal and the center of the groundwater 
contaminant plume. MW-7 (and later CL-3, a cluster of three wells) were 
drilled in the vicinity of this anomaly. CL-2 (a cluster of three 
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wells) was drilled on a low conductivity zone to the south of MW-7, and 
6) 
. MW- 11 further south on an area of medium conductivity. Also, three 
wells were drilled north of the MW-7 anomaly (MW-8, 9, and 10). 
l 
-
4. 1. 3 Geochemical Observations 
True-color ~ tographs showed one area of potential surf ace discharge 
_ _::, ' 
and/or a possible mixing zone along the river bank adjacent to the 
abandoned canal (Dunn, 1985)(ILLUSTRATION 1). Previous investigations 
ILLUSTRATION 1 - True Color Photograph of: 
. ', . ., ... 
. ... 
~ · 
... 
a) Seepage Discharge Area, 
b) Abandoned -Canal, c) Canal Gate, d) Metal Cleaning Waste Basin (MCWB), 
G 
e) South Runoff Collection P·ond (SRCP), f) Portion of Coal Pile, 
g) River, and h) ~Portion of Plant. (With permission of Company.) 
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confirmed this zone, 274 m (~00 ft) in length, by ground reconnaissance 
conducted adjacent to the river bank, where seepage and iron-staining of 
the river bank were present (Dunn, 1985). This area is directly dowa-
gradient of SRCP. Terrain conductivity data (and late.r, water quality 
I 
data) from Monitoring Well MW-11 showed this area to be the second 
highest level of contamination along the river, downgradient of the 
pile. 
4.2 Hydrology 
Hydrology accounts for the available water entering, stored in, or 
exiting a system. Water is either in the saturated zone of groundwater, 
i 
in the unsaturated soil\ above the saturated system, or runoff to a 
surface water body. Soils and rocks are either aquifers or aquicludes. 
An aquifer is a saturated permeable geologic unit that can transmit 
significant quantities of water under ordinary hydraulic gradients. An 
aquiclude is a saturated geologic unit incapable of transmitting signi-
ficant quantities of water under ordinary hydraulic gradients (Freeze & 
Cherry, 1979). Initially, general and regional literature were reviewed 
(Section 4.2.1). 
• 
To supplement this information, previous site investigations provided 
site pump test data on the monitoring wells. Their reported values for 
hydraulic conductivity a.re identified (Section 4. 2 .1) and interpreted 
(Section 5.2.1). Further monitoring of water levels in these wells has 
- 16 - , . .,, 
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.. 
occurred since late 1984 by previous investigators and the plant staff. 
Reported values (Section 4.2.3) are interpreted for their effects on the 
hydraulic gradients (Section 5.2.2) and on aquifer saturated thickness 
(Section 5.2.3), two critical variables in determining groundwater 
flows. 
4.2.1 Aquifer Properties 
Porosity (n) defines those portions of a soil or rock not occupied by 
solid mineral matter which can be occupied by groundwater (Todd, 1980). 
Saturated aquifer thickness (b) is determined by water levels in the 
monitoring wells; it is defined for 'each soil/rock layer by boring log 
data. Hydraulic conductivity (K) is a measure of the aquifer's ability 
to transmit water. The product of b x K is the transmissivity (T). 
The K value represents a composite of several factors, e.g., porosity, 
sorting, grain-size distribution and arrangement, that affect the 
~bility of the materials to transmit water (EPRI, 1985). 
Typical porosity and hydraulic conductivity values for unconsolidated 
deposits and shale, the site materials, are shown in Table 2. While the 
( 
hydraulic conductivity of shale is identified as very low, even hairline 
fractures can produce secondary hydraulic conductivities of m~gnitudes 
that exceed the primary hydraulic conductivity (Freeze & Cherry, 1979). 
Pump test data support these conclusions (Dunn, 1985). Thirty-eight 
' 
values were available for review and interpretation (Table 3)~ 
•'1' 
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TABLE 2 
TYPICAL POROSITY AND HYDRAULIC CdNOUCTIVITY VALUES 
Unconsolidated 
Deposits 
Gravel (repacked) 
Sand 
Silt 
Clay 
Shale (intact) 
1/ Porosity -
Range 
(%) 
25-40 
25-50 
35-50 
40-70 
0-10 
Hydraulic 
Range in 
m/sec 
-4 -2 3.4 X 10_8 - 3.1 X 10_4 
4.7 X l2ll - 9.0 X }0 _6 9.4 X 10_)} - 7.08 X 128 1.4 X 10 - 1.4 X 10 
l x 10- 12 - l x 10- 10 
~ 2/ Conductivity -
Range in 
ft/day 
98 - 8800 
0.013 - 250 
0.00003 - 2 
0.000004 - ·0.004 
2.8 X 10-J - 2.8 X lQ- 5 
!/Column l values are after Freeze & Cherry, 1979. 
2/ 
- Column 2 values are after EPRI, 1985, except for the intact shale value whi·ch is taken 
from Freeze & Cherry, 1979. 
.. 
.. 
. " 
. -. 
I 
,· 
TABLE 3 - ESTIMATES OF HYDRAULIC CONDUCTIVITY 
THEIS, SLUG AND RECOVERY DATA 
Hydraulic Conductivity (K) ft/day (cm/sec) 
\ 
Theis Recovery Slug Mean of 
Well Method Method · Test Three Methods 
-5 
MW-l - - 0.12 (4.2xlQ4 ) -
-5 MW-2 - 0.25 (8.8xlQ4 ) 1 • 4 ( 4 . 9x 10 _ 3) -,·, -3 
MW-3 4.p -j 9.9 (l.4xl0 ) 2.7 (9.5xl0 ) 23 (8.lxlO ) (3.SxlO ) 
MW-4 - - - -
HW-5 - - - -
-7 MW-6 - - 0.0018 (6.0x!9 ) -
-2 MW-7 68 (2·.4x10 ) - . 22 (7.8xl0 -~ -
-4 MW-8 - 2.8 (9.9xl0_4) 0.37 (l.3xl0_4) -
I HW-9 - 2.3 (8. lxl0 _4) 0.46 (_l.6xl2j ) -
..... MW-10 1.0 (3.SxlO -! 4. 2 ( 1. Sx 10 _3) \D - -I MW-11 0.73 (2.6xl0 ) 8.4 (3.0xlO ) -
2.2 
·-4 5.6 -3 CL~la - (7.8xl0_4) ( 2 • Ox IO._ 3) -
-4 ( l. lxl0"'.'93) CL-lb l. 8 (6.4xl0 ) I . 0 (3.SxlO ) 6.4 (2~3xl0_ 3) 3. 1 
Cl .. -1 c - - 3.8 (l.3xl0_ 3) -
-2 19 (6.7xl0-=~ -2 CL-2a 30 (1.lxlO ) 11 (3.9xl0_ 3) 20 (0.7xl0 ) 
Cl .. -2h - 0.45 (l.6xlQ4 ) 6.4 (2. 3xl0_3) -
-4 -3 CL-2c 2.5 (8.8xl0 ) 1.8 (6.4xl0 ) 5.6 (2.0xlO ) 3.3 (1.2xl0 ) 
-4 -5 l 
MW-B - 0.34 (1.2xlQ3 ) 0.19 (6.7xt~3 ) -
-3 -3 MW-C 7.8 (2.8x10 ) 7.l (2.SxlO -1 4.0 (1.4x10 -~ 6.3 (2.2xl0 ) 
MW-D 0 . 36 ( l • 3x lo· ) ,. 0.18 (6.4xl0 ) -
-3 3.0 -3 5.7 (2.3xl0~ 3) 8.52 -3 MEAN 19 (6.8xl0 ) (l.lxlO ) (3.0xlO ) 
<] 
r 
\\ 
Three cluster wells were packer-.. tested at 1.5 m (5 ft) intervals for 
CL-1 and CL-2, and at 3.1 m (10 ft) intervals for CL-3, the 61 m 
(200-ft) well. Thirty-five values were available for review and inter-
pretation (Table 4). 
\ .. 
., 
4.2.2 Hydrometeorologic Conditions 
The hydrologic budget is essentially an accounting system for/ water 
resources. This balance can be expressed in a simplified equation: 
P = R + R + ET + 8S / 
s g 
where P = Precipitation 
R - Surface or Direct Runoff -
s 
R - Groundwater Discharge to Streams 
-g 
ET = Evaporation and Transpiration 
~s - Change in Amount of Water Storage 
-
(R + R = Total Stream Flow) 
s g 
Two annual water budgets (where ~S = O) are shown in Table 5, one for 
the Lower River Basin, ,~!J1 which the plant lies, and one for a nearby 
sub-basin also in the Valley and Ridge Physiographic Province. 
Annual groundwater flow to streams. (base flow) makes up about 65 percent 
of streamflow in the nearby sub~basin. This percentage (between 60 and 
- 20 -
. .,. 
I . 
/ 
.· 
TABLE 4 
PACKER TEST RESULTS FOR CLUSTER WELLS 
Boring 
CL-le 
CL-2c 
Test Interval 
(Ft. Below 
Ground Surface) 
8-13 
13-18 
18-23 
23-28 
28--33 
33-38 
38-43 
43-48 
48-53 
53-58 
19-24 
24-29 
29-34 
36-41 
41-46 
46-51 
51-56 
Preliminary Revised 
Hydraulic Conductivity Hydraulic Conductivity 
ft/day (cm/sec) ft/day (cm/sec) 
1.9 -4 1.47 -4 (6. 71 X 10_ 3) (5.19xl0_3) 5.7 (2.02 X 10_ 3) 2.94 ( 1. 04xl0 _4) 3.2 (1.27 X 10_4) 1.80 (6.36xl0_4) 2.5 (8.83 X 1Q 3 ) . 1. 5.2 (S.37xl0_3) 11 (3.89 X 10 -1 " 5.49 (1.94xl0_3) 4.7 (1.66 X 1Q3 )- 2.89 (l.02xl0_3) 17 (6.01 X 10 -j 5.32 (1.88xl0_4) 3.2 (1.13 X 10_4) 1.71 (6.04xl0_5) 0.53 (1.87 X 1Q2 ) 0.28 (9.88xl9_3) 78 (2. 75 X 10 . ) 5.38 ( 1. 90x 10, -· ) 
3.8 (1.34 X 10-3) -4 2.74 (9.67xl0_4) 0.74 (2.57 X 10-4) 0.92 (3.2xl0_4) 0.53 (1.87 X 10-4) 0.41 (1.45xl0_4) 0.96 (3.40 X 10-4) 0.65 (2.30xl0_4) 0.67 (2.37 X 10-4) 0.39 (1.38xl0_4) 0.96 (3.4 X 10-4) 0.69 (2.44xl0_4) 1.7 (6.01 X 10-4) 0.52 (1.84xl0 ) 
' 
All data (preliminary and revised) provided by previous investigations 
(Dunn, 1985). 
C 
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TABLE 4 (Continued) 
PACKER TEST RESULTS FOR CLUSTER WELL CL-3c 
test Interval 
(Ft Below Surface) 
20 - 30 
25 - 35 
35c - 45 
45 - 55 
55 - 65 
65 - 75 
75 - 85 
85 - 95 
95 - 105 
101.S - 111.5 
111.5 - 121.S 
115 - 125 
125 - 135 
~ - 145 
145 - 155 
155 - 165 · 
1 i; . ' 
165 - 175 
1;75 - 185 
"V· 
.,,. 
... 
. . 
-f-
Hydraulic Conductivity (K) 
(ft/day) (cm/sec) 
0. 951 , 
0.797 
1.576 
0.058 
0 .150 
3.003 
1.012 
1.158 
2.643 
2.342 
2 .17 ~ 
1.804 
0. 272 
0.937 
0.469 
1.257 
2.39 
1.158 
- 22 .;.. 
" 
3.35 X 10-4 
2.81 X 10-4 
5.56 X 10-4 
2.03 X 10-S 
5.28 X 10-S 
1.06 X 10-3 
3.57 X 10-4 
4.09 X 10-4 
9.33 X 10-4 
8.26 X 10-4 
7.65 X 10-4 
6.36 X 10-4 
9.58 X 10-5 
3.30 X lQ-4 
1.65 X lQ-4 
4.43 X 10-4 
8.42 X 10-4 
4.08 X 10-4 
(, 
-
C 
. . 
;. 
t 
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TABLE 5 
REGIONAL WATER BUDGETS 
Lower 
River Basin 
' 
\ 
Nearby 
Sub-Basin 
(cm) (in) (cm) (in) 
Precipitation, P 
Runoff, R 
s 
~ Infiltration, R g 
Evapotranspiration, ET 
102 
22 
25.4 
55.9 
40 
8 
10 
22 
Values from Taylor and Werkhe~ser, 1984. 
0 
TABLE 6 
REGIONAL GROUNDWATER RECHARGE 
Type 
Shale in the Western Great Valley 
and shale containing significant 
gi~ywacke in the Eastern Great 
Valley. 
Shale of Eastern Great Valley 
not containing significant gray-
wacke. 
Average 
Groundwater 
(m3 /s/m2 ) 
-8 0.902 X 10 
-8 0.748 X 10 
107 
17.5 
31. 9 
57.8 
Annual 
Recharge 
42.3 
7.0 
12.6 
22.7 
0.82 
0.68 
Range of ten values 0.528-1.28 X 10-8 0.48-1.16 
.. 
Values from Taylor and Werkheiser, 1984. 
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'. 65 percent) is typical for basins underlain by sandstone and shale of· 
the .Appalac~ian Mountain section of the Valley and Ridge Physiographic 
.. 
Province (Taylor and Werkheiser, 1984).· 
A regional estimate of average annual groundwater recharge was used to 
support the estimate of total recharge entering the site groundwater-: 
system. Ten values Jere summarized with two specific values from shale 
formations in the Lower River Basin (Table 6). 
4.2.3 Groundwater Levels 
Typic-al water levels for off-site upgradient wells (preferably domestic) 
were important to characterizing the site.' s groundwater flow regime. 
These data established th~ upgradient head that drives the site ground-
water flow. Since these data were unavailable, various heads within a 
reasonable range were used, making the model a less unique representa-
., 
tion of the system. However, 1984 and 1985 water level data for the 
recently-installed monitoring wells did establish the head conditions 
for areas immediately ~pgradient, directly beneath, and downgradient of 
the pile location (Table 7). The first set of data was provided by the 
previous investigation (Dunn, 1985) and the remainder by plant person,-
nel. Th~) limitations on these data were several: 
' / . - i 
• '1 
1. · The first set of water levels was taken over the course of a we-el{, 
in which various hydrologic phenomena may have affected the levels. 
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Well II 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
CL-IA 
CL-1B 
CL-IC 
CL-2A 
CL-2B 
CI~-2C 
B 
C 
D 
.; 
Water Table 
Elevation 
(ll/12-11/19/84) 
(ft) 
438.17 
438.74 
433.09 
422.78 
427.39 
425.35 
421.89 
420.77 
42-1.56 
421 . 7 5 
419.36 
433.53 
433.60 
433.59 
419.84 
419.99 
420. 18 
420.35 
418.86 
422.83 
J 
TABLE 7 
SUMMARY OF WATER I~EVEL DATA 
Water Table 
Elevation 
(9/6/85) 
(ft) 
438.29 
438.94 
432.05 
420.78 
---
424.65 
419.19 
419.43 
419.82 
422.15 
419.60 
434. 19 
418.79 
421.52 
Water Table 
Elevation 
9/26/85 
(ft) 
436.71 
439.94 
432.55 
422.85 
---
424.23 
418.48 
418.39 
420.44 
419.85 
419.02 
433.41 
418.12 
419.52 
---
422.51 
... 
• 
Water Table 
Elevation . 
(10/18/85) 
(ft) 
437.21 
438.44. 
432.72 
422.01 
---
424.65 
421.19 
419.68 
420.82 
420.65 
419 .10 
433.46 
433.46 
433.45 
418.52 
418.37 
418.93 
419.52 
418.07 
423~09 
. ' 
Note: CL-3 the 61 m (200-ft) deep well had not yet been installed when these readings were taken. 
ti 
' 
~# 
-(' 
\ 
\ 
2. The second and third set were taken by relatively-new personnel and 
the lev~ls of at least two of the downgradien~·wells were suspect. 
•, 
(This was only discovered after the third set was taken.) 
3. Only readings for the autumn season were available. 
4. The casing elevation of at least one of the wells was suspect from 
this study's review of hydraulic gradients. 
5. No accompanying water levels in the runoff ponds and canal were 
taken. 
4.3 Coal Pile Characterization 
Iron disulfides (FeS 2), if present in coal, may oxidize under the 
influence of the atmosphere and certain species of bacteria to hydrous 
iron sulfates while the coal is stored. If present in large enough 
quantities, the hydrous iron sulfates, when dissolved in water, can 
produce leachates with a pH as low as 2. Low pH (acidic) waters may 
dissolve other constituents from the coal. Under certain hydrogeologic 
conditions, these leachates may adversely affect the groundwater beneath 
the coal storage area (EPRI, 1985). 
I Three site-specific influences reviewed were: 
\ 
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o coal pile hydrology (Section 4.3.1) 
o leachate characteristics (Section 4.3.2) 
o plant operating practices (Appendix A) 
4.3.1 Coal Pile Hydrology 
Coal pile hydrology accounts for the precipitation that falls on a coal 
pile. A review of coal pile hydrology is similar on a smaller scale to 
the annual water budget for the Lower River Basin (Section 4. 2. 2). 
Water contacting the pile must evaporate from, run off, remain in or 
infiltrate the pile. When all the pores on the coal pile surface fill, 
··runoff begins. Runoff' and infiltration depend on stockpile size and 
configuration, coal particle size, amount and intensity of rainfall, 
.. 
-
moisture content of the coal and probably other factors (EPRI, 1985). 
o Evaporation - Since no direct evaporation information is available, 
regional evapotranspiration values are used as an initial assumption. 
The coal pile has no vegetation so transpiration would be zer~. There-
fore, this number is immediately understood as quite variable. 
o Runoff - The pile surf ace runoff is collected in two unlined 
. incised ponds, NRCP and SRCP (Figure 1). From the ponds' capacity and 
retention time, the volume of surface runoff can be calculated 
(Table 8). Of this runoff, some pond leakage may occur. Since the 
ponds are unlined, the percent of leakage is purely speculative, but 
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TABLE 8 
... 
POND YIELD AND LEAKAGE ESTIMATES 
Assumed 
Retention Pond Assumed Pond 
Time Capacity Flow Flow % Leakage 
Pond (dais) (mg) (mad) Cspd) {%) 
' 
<spd) 
' 
(m3 / s) 
... 
NRCP 45 1.2 0.0267 26,700 25% 6,700 . -4 2 •. 94xl0 _4 ' ' SRCP 30 0.45 0.015 15,000 25% , 3,800, 1.67x10 4 0.042 42,000 10,500 4.6lxl0 
I 
Preliminary Water Budget for Pile Precipitation: 
Pile Area= 3,200 ft x 500 ft• 1.6 x 106 ft 2 (1.49 x 105 m2 ) 
Annual Precipitation= 40 in/yr= 3.33 ft/yr (1.02 m/yr) 
, 
Annual Volume of Water Available to Pile= 1.6 x 106 ft 2 x 3.33 ft/yr 
• 5.34 x 106 ft 3/yr • 109,000 gpd or 4.78 x 10-3 m3 /s 
Assumed Evaporation= 50% = 55,000 gpd 
Runoff= 39% = 42,000 gpd 
Pile Infiltration= Total Water - ET - Runoff 
= (109,000 - 55,000 - 42,000) gpd 
= 12,000 gpd or 11% (4.4 inches areally) 
. 
If 25% of runoff leaches into groundwater (GW), 
Pond infiltration = 10,500 gpd or 9.6% of Total Volume 
Pile infiltration = 12,000 gpd _ 
Total infiltration= 22,500 gpd or 3,000 ft 3 /d 
,A 
If 22,500 gpd entered GW, it makesoup < 25% of GW flow in 100' saturated 
soil/rock 
If 10% of infiltration remained as storage in pile, 2,700 ft 3 /d would 
match revised water budget Qin= 2,690 ft 3 /d (see Table 15, p. 73). ~ 
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could form another source of leachate into the groundwater. From these ~ , 
calculations, runoff clearly appears to account for a large percentage 
of total precipitation. Observations of the piles reveal significant 
,, 
' runoff erosion gullies on the steep slopes of the pile and build-up of 
coal/silt fines in the drainage ditches. The runoff ponds must also be 
cleared periodically and the coal/silt returned to the pile. 
. ., 
0 Infiltration - Of the water that infiltrates the pile, some remains (} 
in the pile, some percolates to its base and some flows even farther 
through the unsaturated zone to the groundwater (EPRI, 1985). A measure 
of the pile's potential for infiltration capacity is its moisture 
content. If the pile is fairly dry, it can be inferred that much of the 
water has evaporated or run off and/or the coal arrived in a f,irly dry 
condition. 
Electric utilities are very concerned about the moisture content of coal 
s_tockpiles. High moisture content reduces the normal output from the 
coal. The _coal's own combustion, intended to produce electrical energy, 
is wasted on the evaporation of its own moisture in tpe fuel cycle 
(Personal Communication, M.A. Carpenter, 1985). Therefore, it is in a 
company's best economic, as well as environmental, interest to have dry 
coal piles. 
Reports in the literature refer to a 10-12% moisture content as 
"approaching saturation." The pile's moisture content data ranged from 
"' 
1, 
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5-23% for (1.5 m or 5 ft) samples. Readings higher than 12% occurred 
predominantly in the ~nthracite silt (Electric Utility Company, 1983). 
While this information is interesting, it was not deemed signific_ant 
• 
enough to justify variations in the model recharge rates· across the 
pile. 
4.3.2 Leachate Characteristics 
Leachate, whether directly from the pile or leached from the runoff 
ponds, is affected predominantly by the coal's geochemical composition 
of sulfur, pyrite, and trace elements. The literature frequently 
discusses sulfur content as an indicator of leachate quality, that is, 
as pH decreases, metals concentrations .increase in leachates from high 
sulfur coal. However, organic sulfur compounds and primary sulfates 
[gypsum - Caso4 ·2H20, anhydrite (Caso4) and iron sulfates (Feso4 and 
Fe 2(so4) 3)] contribute little, if 1nything, to the acid leachate problem 
relative to pyrite - FeS2, an iron disulfide (EPRI, 1985). 
In fact, only one form of pyrite, framboidal (raspberry-shaped) pyrite, 
.. 
contributes significantly to the problem. Framboidal pyrite causes: 
(1) acid mine drainage~ (2) acid leachate from stored coal, and (3) so2 
·emissions from power plants (EPRI, 1985). 
A review of the two sets of monitoring well water quality data confirmed 
that the coal pile ~seepage is chemica¥y similar to acid mine drainage 
) 
- 30 -
,,.. 
-( 
" 
' 
I 
I 
! 
(Table 9). The coal pile wells (MW-4 and MW-5) and wells downgradient 
of the runoff collection ponds (MW-7, CL-2, CL~3, and MW-11) show low pH 
and high concentrations of sulfate, iron, manganese, and aluminum. Two 
downgradient wells (MW-11 and CL-2) showed high concentrations of 
-
cadmium and nickel. 
Only the first set of samples was available for modeling; however, the 
second set was similar and overall was slightly lower. The only sampl-
ing (to date) of CL-3 (1985) exhibited contamination decreasing with 
depth, although contamination was still present at the deepest well, 
CL-3C (50-53 m or 165-175 ft). 
Since only two sets of samples were taken (only one on MW-5 and CL-3), 
these data may ~ot be representative of concentration variability due to 
seasonal fluctuations, intermittent slug flows, or even different labo-
ratory testing procedures (Dunn, 1985). 
5.0 SITE-SPECIFIC DATA INTERPRETATION AND ANALYSIS 
Data collected by others (Section 4) were interpreted and analyzed for 
the groundwater hydraulics and solute transport processes involved. 
This work included: 
o translating boring log data into representative cross-
sectional slices of the pile substratum (Section 5.1), 
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pH 
Specific Conductance 
Acidity (mg/1) ,, 
Alkalinity (mg/1) 
Chloride (250 mg/1) 
Sulfate (250 mg/1) 
Nitrate (10 mg/1) 
Calcium (mg/1) 
Magnesium (mg/1) 
Sodium (mg/1) 
Potassium (mg/1) 
Iron (. 3 mg/1) 
l 
Copper (1.0 mg/1) 
- -,r Manganese (0.5 mg/1) 
Zinc (5.0 mg/1) 
Nickel (mg/1) 
Chromium (.05 mg/1) 
Cadmium (.01 mg/1) 
Lead (. 05 mg/1) 
Aluminum (mg/1) 
Barium (1.0 mg/1) 
Arsenic (.05 mg/1) 
Selenium (.01 mg/1) 
. '.t 
. ' 
. ' (• 
·. ' '.' . : · .... ,, i: '· .. , ' . 
' 
--
MW-1 
7.l 
624. 
-
63. 
i 
.:,,. • , ! f . ... . 
TABLE 9 - SUMMARY OF CHEMICAL ANALYSES FOR MONITORING WELLS 
SAMPLE DATE: NOVEMBER, 1984 
Monitoring Well Quality (Times Exceedance Factor) 
Backgl;}ound Wells Co~l Pile Wells 
MW-2 MW-3 MW-4 
7.6 6.4 5.4 
490. 466. 2800. 
-
- -
112. 62. 20. 
• 
MW-5 
3.7 
5750. 
600 
0 
63.1 42.5 41.3 15.2 . 48.5 
135.5 45.3 75,0 
4.95 22.3 ( 1. 2) 23.0 
76.2 65.6 49.6 
8.5 10.9 • 9.8 
29. 13.3 18.3 
2.6 1.2 7.5 
<0.05 0.15 <0.05 
0.01 0.01 0.01 
3.36 (5.7) 1.18 '(1.4) 0. 26-
' 0.02 0.02 0.04 
<0.03 0.04 0.03 
<0.03 <.03 <0.03 
<0.01 <.01 <0.01 
<0.05 <.05 <0.05 
<0.3 <.3 <0.3 
<0.5 <.5 <0.5 
'. 0.002 0.001 0.001 
0.001 <0.001 0.001 
32 
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1940. (6.8) 
( 1. 3) 52.8 (4.3) 
505. 
82. 
17.6 
2.4 
163. (542) 
0.03 
33.8 (66.7) 
0,.16 
0.11 
<O .1 
<0.01 
<0.05 
<0.3 
<0.5 
<0.001 
<0.010 
4835. (18.3) 
9.48 
422. 
163. 
67. 
5.7 
1212. (4039) 
0.45 
114. (227) 
7.1 (0.4) 
3.40 
<0.1 
0.04 (3) 
0.05 
161. 
<0.5 
0.034 
<0.020 
' '., 
Downgradient Wells· 
MW-6 
7.3 
595. 
-
188. 
5.5 
108.6 
1.72 
98.4 ti. 
11.1 
12.5 
2.4 
<0.05 
0.01 
0.86 (0. 7) 
0.01 
0.03 
<0.03 
0.01 
0.05 
<0.3 
<0.5 
<0.001 
<0.001 
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TABLE 9 (Continued) ' \ ' 
' 
I 
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Downgradient Wells I 
-. 
\ 
·~ I 
'1 
MW-10 MW-11 CL-la f: MW-7 MW-8 MW-9 
I CL-lb 
I 
I 
,, 
I .•. '· 
I 
3.6 
pH 3.4 6.4 5.8 6.4 7.0 6.9 
,. ' 
Specific Conductance 3200. 1100. 1600. 629. 3850. 540. 555. 
Acidity (mg/1) 1286. - 480. · -- - -
Alkalinity (mg/1) o. 38. 15. 170. o. 126. 125. ~ 
Chloride (25~ mg/1) 18.2 16.4 13.3 18.2 45.5 5·2. 2 58.8 
· Sulfate (250 mg/1) 21420. (8.7) 560. (1.2) 938. (2.8) 111. 3300. (12.'2) 65.3 , 64.5 
Nitrate (10 mg/1) 2.94 0.24 04.96 o.oo 14.9 (0.5) 0.06 . 0.06 
Calcium (mg/1) 249. 168. 276. 73.1 253. 71.4 75.0 
Magnesium (mg/1) 92. 35. so. 17.0 86. 12.6 12.3 
Sodium (mg/1) 21.5 15.9 17.4 12.3 35. 16.5 17.9 
Potassium (mg/1) 7.0 1.8 2.6 2.7 4.7 0.8 0.8 
Iron (. 3 mg/1) 313. (1042) 14.6 (47.7) 52.1 (173) S.62 (18) 680. (2266) 2.56 (7.5) 2.73 (8.1) 
Copper (1.0 mg/1) 0.25 0.01 0.01 i 0.01 0.67 <0.01 0.01 ~ 
Manganese (O.S mg/1) 62.0 (123) 13.9 (26.8) 12.2 (23.4) 13.5 (26) 52. ( 103) 1.32 (1.6) 0.68 (0.4) 
Zinc (5 .0 mg/1) 3.3 0.05 0.19 0.03 4.9 <0.01 <0.01 
Nickel (mg/1) 1.80 0.07 0.06 0.03 2.27 <0.03 <0.03 
Chromium (.05 mg/1) <O .1 · <.1 <0.1 <0.03 <O .1 <0.03 <0.03 
Cadmium (.01 mg/1) 0.02 (1) <.01 <0.01 0.01 0.03- (2) 0.01 0.01 
Lead (. 05 mg/1) <0.05 .. <.OS <0.05 <0.05 <0.05 <0~05 <0.05 
Aluminum (mg/1) 129. <.3 <0.3 <0.3 157. <0.03 <0.3 
Barium (1.0 mg/1) <0.5 <.5 <0.5 <0.5 <0.5 <0.05 <0.5 
Arsenic (.05 mg/1) 0.097 0.001 <0.001 <0.001 0.044 0.002 0.002 
Selenium (.01 mg/1) 0.010 <0.010 <0.010 0.004 <0.020 , <0.001 <0.001 
I 
. I 
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/ TABLE 9 (Continued) 
CL-le CL-2a CL-2b CL-2c MW-B MW-C MW-D 
pH 7.0 3 .• 5 4.4 4.5 5.6 6.1 7.9 
Specific Conductance 540. 2330. 3050. 2940. · 3650. 2830. 384. , 
Acidity (mg/1) 
- CtJ-20. - - - - -
Alkalinity (mg/1) 126. o. o. 2. 20. 25. 125. 
Chloride (250 mg/1) 52.2 21.2 39.4 0.0 48.S 39.4 18.2 
Sulfate (250 mg/1) 65.3 1410. (4.6) 2210. (7. 8) 2060. (7. 2) 2560. (9. 2) 1910. (6.6) 47.5 
Nitrate (10 mg/1) 0.06 6.62 3.36 2.86 1.71 3.08 0.00 
Calcium (mg/1) 71.4 248. 500. 496. 762. 494. 53.8 
Magnesium (mg/1) 12.6 75. 118. 114. 126. 88. 9.3 
, ..., Sodium (mg/1) 16.5 26. 36.8 29.2 46. 36. 12.6 
Potassium (mg/1) 0.8 7.7 5.4 3.6 1.7 1.8 0.6 
Iron (. 3 mg/1) 2.56 (7.5) 98.3 (327) 106. (352) 128. ( 42_6) 107. (356) 226 (752) 0.15 
Copper (1.0 mg/1) <0.01 0.12 0.06 0.04 0.02 0.01 <0.01 
' Manganese (O .. 5 mg/1) 1.32 (1.6) 37.9 ( 7 4. 8) 41.7 ( 82. 4) 27.3 (53.6) 26.4 (51. 8) 20.6 (40.2) 0.14 
Zinc (5.0 mg/1) <0.01 2.3 1.70 1.04 0.21 .o. 46 <0.01 
Nickel (mg/1) <0.03 1.17 1.14 0. 7 4,, 0.32 o·: 47 <0.03 
Chromium (.OS mg/1) <0.03 <0.1 ~ <0.1 <0.1 <0.1 '-< 0. 1 <0.03 
Cadmium (.01 mg/1) 0.01 0.02 ( 1) 0.02 ( 1) 0.02 (1) 0.02 ( 1) 0.01 <0.01 
Lead (. 05 mg/1) ,<O. 05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 
Aluminum (mg/1) <0.3 68. 34.3 16.7 <0.3 <0.3 <0.3 
Barium (1.0 mg/1) <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Arsenic (.OS mg/1) 0.002 o~. 021 0.025 <0.010 <0.010 <0.010 <0.001 
( 
<0·.010 <0.001 Selenium (.01 mg/1) 0.001 <0.010 <0.010 <0.010 <0.020 
t\ 
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pH 
Specific Conductance 
Alkalinity (mg/1) 
Chloride (250 mg/1) 
Sulfate (250 mg/1) 
Nitrate (mg/1) 
Calcium (mg/1) 
Magnesium (mg/I) 
Sodium (mg/1) 
Potassium (mg/1) 
Iron (. 3 mg/1) 
Copper (1.0 mg/1) 
Manganese (0.5 mg/1) 
Zinc (5.0 mg/1) 
Nickel (mg/1) 
Chromium (.05 mg/1) 
Cadmium (.01 mg/1) 
Lead (.OS mg/1) 
Aluminum (mg/1) 
Barium (1.0 mg/1) 
Arsenic (.05 mg/1) 
Selenium (.01 mg/1) 
*MW-5 Destroyed 
• 
'. ' 
'·' 
MW-1 
6.55 
599. 
56. 
28. 
200. 
56. 
62.9 
10.1 
23·. 2 
10.8 
0 .19 
<0.05 
0 .189 
<0.05 
<0.05 
<0.05 
"<0.005 
<0.05 
<0.1 
0.085 
<0.004 
<0.004 
:, 
Background ·wells 
MW-2 
35 
7.33 
455. 
118. · 
41.1 
43. 
118. 
42.8 
7.58 
12.9 
18.9 
<0.05 
0.05 
0.049 
<0.05 
<0.05 
<0.05 
<0.005 
<0.05 
<0.1 
0.110 
<0.004 
<0.004 
, 
-· 
,' -
TABLE 9 (Continued) 
SAMPLE DATE: OCTOBER-NOVEMBER 1985 
MW-3 
6.32 
4 71. 
62. , 
53. 
57. 
62. 
56.4 
9.84 
15.3 
1.4 
0.32 (.1) 
<0.05 
o. 728 (0.5) 
<0.05 
<0.05 
<0.05 
<0.005 
<0.05 
<0.1 
0 .187 
<0.004 
<0.004 
Coal 
Pile 
Well* 
MW-4 
3.91 
3160. 
< 1. 
25. 
2400. (8.6) 
<1. 
305. 
92.4 
18.0 
6.1 
497. (1656) 
o:36 
<0.005 
0.42 
0.47 
<0.05 
<0.005 
<0.05 
0.2 
• 0.027 
0.015 
<0.004 
MW-6 
7.23 
534. 
179. 
7. 
89. 
179. 
,.82. 7 
9.26 
10.8 
3.4 
2.81 (8.4) 
,'l 
<0.05 
0.416 
<0.05 
<0.05 
<0.05 
<0.005 
<0.05 
<0.1 
0.214 
<0.004 
<0.004 
• 
Downgradient Wells 
MW-7 
3.68 
3370. 
<l. 
18. 
2750. (10) 
<1. 
220. 
93.1 
20.7 
11.7 
578. (1925.7) 
,.Q. 55 
63. 7 (126.4) 
3.03 
2.14 
<0.05 
<0.005 
0.28 (4.6) 
90.4 
0.011 
<0.004 
<0.004 
MW-8 
4.81 
1600. 
<1. 
15. 
900. (2.6) 
<1. 
178. 
47.9 
19.0 
4.0 
47.1 (156) 
0.26 
25. 5 (SO) 
0.10 
0.12 
<0.05 
<0.005 
<0.05 
<0.1 
0.028 
<0.004 
<0.004 
' ' 
\ ,' 
.. 
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TABLE 9 (Continued) 
Downgradientlvells 
.. , 
MW-9 MW-10 MW-11 CL-la CL-lb CL-le CL-2a 
pH 4.17 6.41 4.03 6.94 6.93 7.08 3.82 Specific Conductance 1870. 653. 1740. 514. 546. 534. 3210. Alkalinity (mg/1) <1. 155. <l. 120. 128. 128. <1. Chloride (250 mg/1) 17. 33. 28. 50. 54. 54. 15. Sulfat~ (250 mg/1) 1500. (5) 137. 1300. (4.2) 65. 70. 66. 2910. ( 10. 6.) Nitrate (10 mg/1) 120. 128. ; <1. 155. <l. 128. <1. Calcium (mg/1) 227. 74 .. 9 130. 61.0 63.6 64.9 289. Magnesium (mg/1) ,• 62). 9 15.9 39 ;,;3 11.8 10.8 11.0 115. Sodium (mg/1) 20.0 17.5 16.0 14.1 1_7.2 14.6 25.8 Potassium (mg/1) 8.6 2.5 . 3. 2 0.6 o·. 9 0.6 13.1 Iron ( .• 3. mg/1) 224. (746) 25.1 (83) 183. (609) 4.26 (13.2) 2.56 (7.5) 2.33 (6.8) 287. (956) Copper (1.0 mg/1) 0.11 <0.05 0.33 <0.05 <0.05 <0.05 0.41 Manganese (0.5 mg/1) <0.005 <0.005 20.9 (40.8) 0.914 (0. 8) 0.567 (O .1) 0.450 63.3 (176) Zinc (5.0 mg/1) 0.09 <0.05 1.32 <0.05 <0.05 <0.05 3.35 Nickel (mg/1) 0.12 <0.05 0.64 <0.05 <0.05 <0.05 2.10 Chromium (.05 mg/1) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 Cadmium (.01 mg/1) <0.005 <0.005 0.009 <0.005 <0.005 <0.005 0.007 Lead (. 05 mg/1) ~ <0.05 <0.05 0.11 (1.2) <0.05 <0.05 <0.05 0.26 (4.2) Aluminum (mg/1) <0.1 < 0.1 37.1 <O .1 <0.1 <0.1 97.0 Barium (1.0 mg/1) 0.022 0.060 0.010 0.107 0.081 0.109 0.010 Arsenic (.05 mg/1) <0.004 <0.008 <0.004 <0.004 <0.004 <0.004 <0.004 l . Selenium (.01 mg/1) <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 
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TABLE 9 (Continued) 
r/ 
Downgradient Wells · Metal Cleanin~ Waste Basin 
CL-2b CL-2c r' CL-3a CL-3b CL-3c MW-B . MW-C · MW~D 
, 
' 
" 6. 70 pH 4.62 · 4.72 4.48 5.51 5.95 5.99 7 .80· 
Specific Conductance 2890. 3000. 3130. 1480. 1860. 3210. 2660. 407. 
Alkalinity (mg/1) < 1. <1. <1. 14. 99. 13. 11. 120. 
Chloride (250 mg/1) 21. 23. 31. 40. 20. " 43. 31. 25. 
Sulfate (250 mg/1). 2200. (7. 8) 2300. (8.2) 2400. (8. 6) 1000. (3) 1000. (3) 2200. (7.8) 1900. (6.6) 62. 
I Bicarbonate (mg/1) < 1. < 1. <1. 14. 99. 13. 11. 120. 
Calcium"""(mg/1) 445. 464. 509. 201. 316. 516. 410. 47.5 
Magnesium (mg/1) 104. 111. 101. 42.8 60.8 119. 78.7 8.50 
"' 
Sodium (mg/1) 26.3 23.4 25.5 15.3 21.5 41.2 29.9 10.0 
Potassium (mg/1) 5.3 3.7 6.0 2.8 4.1 2.7 4.4 0.5 
Iron (. 3 mg/1) 95.4 (317) 170. (566) 280. (932) 121. (402) 3.99 (12.3) 137. (456) 216. (719) 0.22 
Copper (1.0 mg/1) 0.41 0.13 0.17 0.05 0.08 0.07 <0.05 <0.05 
Manganese (O.S mg/1) 32.2 (63.34) 20.6 ( 40. 2) 15.6 ( 30. 2) 6.51 ( 12) 2.70 (4. 4) 32.1 (72) 18.0 (35) 0.098 
, 
Zinc (S. 0 mg/1) 0.96 0.40 0.98 0.29 o. 06 0.06 0.33 <0.05 
Nickel (mg/1) 0.62 0.41 0.55 0.26 <O .OS 0.07 0.25 <0.05 
Chromium (.OS mg/1) <0.05 <0.05 <0.05 <0.05 <O .05 <0.05 <0.05 <0.05 
Cadmium (.01 mg/1) 0.005 <0.005 'Uo.oos <0.005 <0.005 <0.005 <0.005 <0.005 
Lead (. 05 mg/1) <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.05 
Aluminum (mg/1) 14.9 1.9 0.6 <0.1 <O .1 <O .1 0.1 <0.1 
Barium. ( 1. 0 mg/1) 0.010 0.010 <0.005 <0.005 <O .005 0.022 0.015 0.111 
Arsenic (.OS mg/1) <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 <0.004 
Selenium (.01 mg/1) <0.004 <0.004 <0.004 <0.004 <O .004 <0.004 <0.004 <0.004 
... 
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o determining for upgradient and downgradierit portions of each 
cross-section, representative values of: 
.. 
o hydraulic conductivity (Section 5.2.1) 
o hydraulic gradient (Section 5.2.2)-
o saturated aquifer thickness (Section 5.2.3) 
o transmissivity (Section 5. 2. 4}, 
o assessing chemical data for contaminaRt chemical plume con-
tours, on a plan-view basis and to a more limited extent on a 
cross-sectional basis (Section 5.3), 
\ 
' 
o considering quantitative impacts of runoff ponds and pile 
recharge areas (Section 5.4). 
5.1 Stratigraphy 
Review of existing boring logs, hydraulic conductivity tests, and water 
level data for the plant coal pile monitoring wells was summarized for 
six cross-sections (Table 10). A cross-section diagram (Figure 4) 
showing soil/rock classificatiOI\S, approximate stratigraphy, t·bpography 
and water levels, was described as follows: 
.., 
0 Cross-Section A-A' - Located at the northernmost end of the pile, 
three wells (MW-3, MW-6, and MW-10) represented this section (Figure 4). 
l 
, 
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TABLE 10 
GENERAI .. IZED CROSS-SECTION CHARACTERISTICS 
• Monitoring Average 
Cross Wells Layer Layer Approx. Approx. K -r 
Section No. TyEes Tl1ickness llP.ad L to River {avs.) Connnents 
m ft m ft m ft m/s ft/day 
-
~ 
A-A' 3,6, 10 Sand/Clay 2.7 9 ~ 
-5 Sand/Gravel 3.6 12 6.7 22 229 750 l.SOxlO 4.2 Fairly shal-
low wells 
I_ 
B-B' 2,5,(8) Sand/Silt 0.9 3 
-6 t Sand/Gravel 4.3 14 7.6 25 259 850 4.23xl0 1.2 No clay 
Weathered Shale 0. 1 i 
Shale 4.3+ 14+ 
I 
w 
\0 BC-BC' CL-3,(7) Sand/Gravel 4.9 16 N/A N/A N/A N/A Only canal I Fractured Shale 7.6 25+ walls 
C-C' CL l, 4, Cl~2 Sand/Gravel 4.6 15 
-5 Badly broken Fractured Shale 2.7 9 6. 1 20 274 900 2.47xl0 7.0 shale occurs 
Shale 10.7+ 35+ on west side 
of pile away 
from river 
. 
D-D' 1, (MWC) Sand/Clay 1 . 5 5 
-6 MW-l is Sand/Gravel 
' 
0.9 3 9. l 30 326 1,070 5.29xl0 1. 5 fairly 
Weathered Sliale 0. 7 3 shallow :• 
E-E' (7),9,10,11, Sand/Gravel+ 5.5 18 N/A N/A N/A N/A Parallel to 
.CL-2 ,CL-3 Shale 30.5 100 river·-
,..- . --
' 
-,. 
• 
Only MW-3 and MW-10 had boring logs, since MW-6 was air-rotary drilled. 
Two unconfined layer thicknesses were: a sand/ clay layer averaging 
approximately 2.7 m (9 ft), underlain by a sand/gravel layer averaging 
3.7 m (12 ft). The approximate head for this section was 6.7 m (22 ft) 
at about 228 m (750 ft) from the river. For this study, the combined 
hydraulic conductivity for both layers is calculated as about 1·.so x 
-s 10 m/sec (4.2 ft/day). The canal does not pass through this section 
(Figure 1). Only 0.3 m (1 ft) of the weathered shale was drilled before 
encountering harder shale, which was not cored due to cost. 
0 Cross-Section B-B' - Approximately 381 m (1250 ft) south of Cross-
Section A-A', this cross-section was represented by three wells (MW-2, 
MW-5, and MW-8)(Figure 4). Only MW-2 and MW-5 have boring logs, since 
MW-8 was air-rotary drilled. Two unconfined and two bedrock layer 
thicknesses were: a sand/silt layer of averaging 0.9 m (3 ft), under-
lain by a sand/gravel layer averaging 4.3 m (14 ft), and a thin 
weathered shale layer averaging 0.2 m (0.5 ft) extending about 122 m 
(400 ft) along the upgradient side of the cross-section, underlain by a 
fractured gray shale layer of at leas:t 4.3 m (14 ft) in depth. The 
approximate head for this section is 7 .6 m (25 ft) at 259 m (850 ft) 
from the river. The combined hydraulic conductivity of all layers was 
-6 
about 4.23 x 10 m/sec (1.2 ft/day). The canal passed through this 
section. At MW-5, the destroyed coal pile well, this cross-section 
measured the highest chemical concentrations. 
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0 Cross-Section BC-BC' - Located about 550 m (1800 ft) south of 
Cross-Section A-A', this cross--section was represented by four wells 
(MW-7, CL-3A, B, C)(Figure 4). Two layer thickness were: one sand/ 
gravel layer 5 m ( 16 ft) deep, underlain by a shale layer with inter-
mittent fracture zones at 20-22 (65-75 ft), 31-38 (100-125 ft) and 50-53 
(165-175 ft). No head information is available as there is no upgrad-
ient well. However, the NRCP, upgradient in this cross-section, was 
believed to. be in hydraulic communication with the groundwater. The -· 
canal passed through this section. 
o Cross-Section C-C' - Located about 731 m (2,400 ft) south of Cross-
Section A-A' and about 305 m (1,000 ft) north of the south end of the 
L. 
pile, this cross-section was represented by seven wells, CL-lA, B, C, 
MW-4, and CL-2A, B, C (Figure 4). Three layer thicknesses were: one 
sand/gravel layer 4.6 m (15 ft) deep, overlays a fractured shale layer 
of about 2.7 m (9 ft), which is underlain by a black/gray shale layer of 
at least 10.7 m (35 ft). The fractured shale layer occured only on the 
west (or upgradient) side of the cross-section, farthest away from the 
I 
river. The approximate head for this section was 6.1 rn (20 ft) at 274 m 
(900 ft) from the river. The combined· hydraulic conductivity of this 
section was 2.47 x 10-S m/sec (7 ft/day) by 1packer testing. This high 
value gave impetus to the drilling of a 61 m (200-ft) deep well, CL-3, 
to locate other fractura. zones near MW-7. The canal passed through this 
section. 
-~---
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o Cross-Section D-D' - Located southern-most, about 975 m (3,200 ft) 
.. 
south of Cross-Section A-A', this cross-section was represented by only 
one well, MW-1 (Figure 4). The metal cleaning waste basin wells, MW-B, 
C and D.~ drilled in 1981, were uncased, and had very limite-d boring 
logs, and thus did not provide specific data. Two very thin unconfined 
layers exist--a 1.5 m (5 ft) sand/clay layer and a 0.9 m (3 ft) sand/ 
gravel layer. These layers overlay a weathered shale layer of about 
0.9 m (3 ft). MW-6 showed a 55 m (18 ft) layer of clay/ gravel over-
laying a 5. 1 m ( 17 ft) layer of shale. The approximate head is about 
I 
9.1 m (30 ft) at 326 m (1,07Q ft) from the river. The combined hydrau-
lic conductivity for this section is 5.29 x 10-6 m/sec (1.5 ft/day). 
o Cross-Section E-E' - Cross-Section E-E' shows the wells parallel to 
the river, along t._he canal (MW-10, 9, 8, 7, CL-3A, B, C, MW-11) • 
o·verall, the site is represented by a thick weathered, fractured and 
intact shale layer overlain by a thin sand and gravel layer. 
5.2 Aquifer Properties 
The primary properties to characterize groundwater flow are those used 
• J 
to solve Darcy's law, shown here in its simplified one-dimensional form: 
Q = K db bL 
-dl 
,,. 
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where; 
Q • flow rate through a cross-sectional area, bx L 
K • hydraulic _conductivity 
dh c hydraulic gradient or change in head across two points 
dl length between the two points 
b = saturated thickness 
L = length perpendicular to flow for a given section 
Darcy demonstrated experimentally that the discharge (Q) is proportional 
to the difference in the height of the water (dh) between two points, 
.. 
divided by the length (dl) between the two points. He showed that 
discharge was also invers~ly proportional to the flow length ( d 1) and 
proportional to· the cross-sectional area (Area= bx L). The propor-
tionality (K) is determined experimentally for fresh water flowing 
through different types of soils and rocks and through· site-specific 
aquifer pumping test. 
/ 
The transmissivity (T) [the product of hydraulic conductivity (K) and 
the saturated thickness (b)] is a measure of the aquifer's ability to 
transmit water. r 
Although contaminant transport in f~actured geologic materials is 
governed by the same processes as in granular media--namely, advection, 
·, 
mechanical dispersion, molecular diffusion, and chemical reactions--the 
effects of fractured media can be quite different. While porosities. are 
\ 
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small, groundwater velocities can be large. Fractured geologic materi-
. 
als are also notoriously anisotropic with respect to the orientation and 
frequency of fractures. Overall, little is known about dispersion in 
' 
fractured media (Freeze & Cherry, 1979). 
In this, as well as most, field investigations, fractured rock was 
treated the same mathematically as porous materials. This major assump-
tion was made recognizing that, while the primary hydraulic conductivity 
-12 -10 
of intact shale is typically very low ( 10 -10 m/s), within a few 
hundred meters of ground surface, fractures in shale can produce signi-
ficant secondary hydraulic conductivities that exceed the primary 
hydraulic conductivity (Freeze & Cherry, 1979). In this study, the 
vertical extent of permeable (fractured) shale was not clear, since only 
four borings (MW-6, CL-1, CL-2 and CL-3) provided limited information on 
the hydraulic conductivity of the shale. 
One basic aquifer property is porosity. No soil or rock testing was 
conducted to determine porosity, so one typical value was used. Like-
wise, the solute transport parameters were assumed from the literature. 
The accuracy of these values (mainly dispersivity) is· the subject of 
much critical discussion in recent years (Anderson, 1979). 
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5.2.1 Hydraulic Conductivity Estimates 
Discrete estimates of hydraulic conductivity (K). (at least one for each 
well) were calculated from drawdown and recovery data during pump 
(time-series) testing. Data were analyzed in previous investigations 
using: 
o The Theis method for drawdown data (Kruseman and DeRidder, 
1979) 
o Slug test analysis 'method (Bouwer and Rice, 1976) for slug 
(drawup) data 
o Recovery method (Kruseman and DeRidder, 1979) for recovery 
data. 
Only six Theis values were available and these were skewed higher than 
the bulk of the values among the other techniques (slug, recovery and 
packer tests). If included, these few Theis values, with an average 
hydraulic conductivity of 6. 70 x 10-S m/sec ( 19 ft/day), would have 
distorted the overall analyses greatly. Therefore, Theis values were 
not considered in the analyses. Likewise, one CL-1 packer test value of 
-4 2. 75 x 10 m/sec (78 ft/d·ay) was eliminated as .... unreasonably high. 
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Remaining hydraulic conductivity data (slug, recovery and packer test) 
were used as cell point values within a seven by three (twenty-one cell) 
coarse grid for each of two layers (sand and gravel, and for a smaller 
., 
five by two (ten cell) grid· for the upgradient weathered/fractured 
shale. Criteria for selection of cell values, especially for cells 
where no hydraulic conductivity data existe~, became necessary. These 
criteria follow: 
1. If there is a value (slug, recovery or packer) at a particular 
location and layer, the value or average of values at that point is 
selected. 
,• 
2. If there is no value for the cell and one exists for that layer in 
the cross-section of that location, the value or average of values 
for that area is selected. 
3. If there are neither of the above, the average value of the layer 
(based primarily on slug and recovery values) is selected. 
These criteria avoided the use of just ·one average value for each layer 
(or the whole system) and they avoided the subjective selection of 
localized adjacent values without some conRistent justification. 
Interestingly, the upgradient hydraulic conductivities (for composites 
of the three layers for each section) were greater than their respective 
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downgradient hydraulic conductivities. This increased ability to 
transmit water is due primarily to two factors: •· 
o The weathered/fractured shale was of significant thickness, 
4.6-7.6 m (15-25 ft) o~ on-the upgradient side. 
before CL-3 was drilled.) 
( 
(This was 
o The most northerly section (A-A') had no weathered/fractured 
shale but had a very thick, 7.6 m (25 ft) sand/gravel layer. 
,r 
5.2.2 Hydraulic Gradient Estimates 
Hydraulic gradient (~h/~L) estimates for the final modeling are based on 
I 
one set of water level readings (October 18, 1985) of greatest credibil-
ity (Figure 5). For the four major cross-sections through the site: 
o Two had one independent estimate, based on two data points 
(B-B' and D-D'). 
o Two had one upgradient side and one downgradient side esti-
mate, based on three data points (A-A' and C-C'). 
Significant observations are: 
'! 
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o No evidence of mounding under the pile: Cross-Section C-C', 
with the remaining coal pile well (MW-4) inferred a depressed 
water table and about 7.3 m (24 ft) of unsaturated fly ash and 
' ~ .. 
... . 
sand/gravel between the coal and the water table. 
,, 
o The only measurement of MW-5 (taken November, 1984) showed 
0 
1.5 m (5 ft) higher water table (perhaps due to ponding in a 
flat area of the pile); however, this still showed at least 
3.9 m (12 ft) of unsaturated thickness, so no recharge 
mounding was inferred. 
, 
Slight mounding effect along canal: Along the River, one well 
(MW-7) showed a 0.5 m - 0.8 m (1.5 ft - 2.5 ft) increase over 
its adjacent canal wells (MW-8 to the north and CL-2 to the 
south). This inferred mounding occurring within the middle of 
the pile (between MW-4 and MW-5), where no wells are located. 
I Overall, the groundwater· flow patterns appear to be fairly typical, 
flowing generally perpendicular (west-east) to river flow (north-south). 
5.2.3 Aquifer Saturated Thickness Estimates 
' F h f th f . . il t . (A-A' through D-D' ) , or eac o e ive maJor p e cross-sec ions 
; 
upgradient and downgradient saturated thickness, b, was determined from 
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boring log data for each of three layers, as shown in Table 11 and the 
cross-section diagram, Figure 4. Significant observations are : 
. 
o The gr.oundwater table was well below the base of the coal pile 
} 
4.0-7.3 m (13-24 ft); this sugg~ that leachate directly 
c··/ 
from the pile must travel a significant vertical distance 
through the unsaturated zone. 
o The NRCP appeared to be in direct hydraulic communication with 
the groundwater table, since its bottom elevation (El. 426.0) 
' 
was below the water levels at adjacent wells (CL-1 and MW-2 
are between El. 434 and 438). 
o The weathered/fractured shale layer occurred only on the 
upgradient side of the pile to any significant depth (greater 
. 
than 0.3 m or 1 ft with the exception of CL-3). 
o All three cluster wells suggested fractured shale may transmit 
water to 12 m (40 ft) deep. The deep well (CL-3) suggested 
significant transmission up to 49 m ( 160 ft) into shale at 
that location. The estimated depth of the shale lay'er was 
increased as modeling progressed; however, the true vertical 
extent of permeable rock remains uncertain. 
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Cross-
Section 
A-A' 
B-B' 
BC-BC' 
C-C' 
D-D' 
• 
'1 
TABLE 11 
. . 
SATURATED THICKNESSES FOR THREE LAYERS 
Laier 
S/G 
WF Shale 
Shale 
S/G 
WF Shale 
Shale 
S/G 
WF Shale 
Shale 
S/G 
WF Shale 
Shale 
S/G 
WF Shale 
Shale 
\ 
\ 
Up gradient 
Saturated 
Thickness 
ft 
-
25 
0 
40+ 
65 
5 
25 
40+ 
-70 
4 
23 
40+ 
-67 
2 
20 
30+ 
-52 
6 
15 
40+ 
-61 
m 
-
7.6 
0 
12.2+ 
19.8 
1.5 
7.6 
12.2+ 
21.3 
1.2 
7.0 
12.2+ 
20.4 
0.6 
6.1 
9.2+ 
15.9 
1.8 
4.6 
12.2+ 
18.6 
Downgradient 
ft 
-
12 
0 
40+ 
52 
10 
0 
40+ 
-so 
8 
160+ 
0 
168 
7 
0 
37+ 
-44 
10 
0 
40+ 
-50 
Saturated 
Thickness 
m 
.-
·3. 7 
0 
12.2+ 
15.9 
3.1 
0 
12.2+ 
15.3 
2.4 
48.8+ 
0 
51.2 
2.1 
0 
11.3+ 
13.4 
3.1 
0 
12.2+ 
15.3 
WF Shale = v.ariably fractured shale with partially ·weathered shale . 
(i.e., less than intact shale). 
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Transmissivity Estimates 
·, 
I 
D 
.. 
An initial transmissivity map (Figure 6) was developed for the sit~ 
based on hydraulic conductivity estimates (Section 5.2.1) and saturated 
thickness estimates (Section 5.2.3). Although this initial best esti-
. 
mate of aquifer transmissivity is based on satisfactory boring log data 
and water level readings, it demonstrates the nonuniqueness of the 
model's simulation of the system. In other words, one T value can 
-:, 
represent an infinite number of Kand b products. 
Through the modeling effort, this search for the correctly calibrated T 
was bounded by fairly subjective assessments on the upper limitations of 
Kand b. This became one of the most interesting aspects of the model-
ing effort, to ask: 
o How permeable could any specific cell become? and 
o ·For what thickness could the shale be reasonably expected to 
transmit water? 
I. -), 
rl . 
' 
l 
In particular, the vertical -~xtent of permeable shale for correct 
modeling of the site remains largely uncertain, as only one well 
' 
exceeded 18 m (60 ft) in depth. 
·, I 
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5.3 Extent of Leachate Plumes 
from the first set (1984) of repor'ted chemical lev~ls for the twenty 
monitoring wells, contours were mapped for the four highest (of nine-
teen) chemical constituents: 
0 Sulfate, so . 4 (Figure 7) 
0 Iron, Fe (Figure 8) 
e • 
0 Aluminum, Al (Figure 9) 
"'---
Jo Manganese, Mn (Figure 10) 
'I 
These maps were prepared solely by interpolating points between the 
values at particular wells (excluding CL-3). The contours represent 
conditions between Elevations 433-370 (except the metal cleaning waste 
basin wells; their data represent Elevations 446-324 as they are open 
bore holes). For the cluster wells (CL-1, CL-2 and CL-3), the vertical 
extent of the contamination could be shown. These are shown for sulfate 
and iron in· Table 12. Although contamination decreases with depth for 
the downgradient wells, it is still present at the deepest well, CL-3C 
(50-53 m or 165-175 ft). 
Significant observations are: 
.. ·:, 
• 
Q 
' ' 
_) 
• 
I UI. 
w 
I 
Interval 
Screened 
1984 
TABLE 12 
CLUSTER WEI .. L WATER QUALITY -
VERTICAL VARIATION 
1985 1984 1985 
_________ (~E_l_e_v_.~) _____ F_e _______ F_e ____ s_·o4 ____ s_o4 _______ R_e_m_a_r_k_s _____ _ 
Cl.la 
b 
C 
CL2 a 
b 
C 
CL3 a 
b 
C 
Warm Water 
Fishery W.Q. 
Criteria 
' 
429.6-419.6 
409.5-399.5 
389.2-379.2 
424.1-414.l 
399.3-389.3 
379.4-369.·4 
364.7-354.7 
318.2-308.2 
254.6-244.6 
N/A - Not Available 
2.56 
2.73 
2.56 
98.3 
106. 
128. 
N/A 
N/A 
N/A 
0.3 
r 
4.26 
2.56 
2.33 
287. 
95.4 
170. 
280. 
121. 
3.99 
65.3 
64.S 
65.3 
1410. 
2210. 
2060. 
N/A 
N/A 
N/A 
275. 
65. 
70. 
66. 
2910. 
2200. 
2300. 
2400. 
1000. 
1000. 
' .. 
Differ from '84 to '85 
Close 
Close 
• 
... 
- ,, 
.. 
o Water level readings (in 1984 and 1985) indicated that the pile, 
was not in contact with the water table. MW-4 water level was 7 m 
(24 ft) below the coal and MW-5 was 4 m (13 ft) below the coal. 
o In all four cases, the contaminant levels for the north coal pile 
well (MW-5) were higher than those for the south coal pile· well 
(MW-4). 
o In all four cases, the downgrad_ient wells MW-7 and MW-11 showed 
consistently high values, many constituents were higher than for 
the south coal pile well (MW-4); this inferred contamination from 
the runoff collection ponds. 
\ 
o The upgradient wells (MW-1, 2, and 3) and the north boundary wells 
(MW-6, 10) showed detectable background levels for the sulfate and 
~anganese constituents, but not for iron and aluminum. 
o The most significant plume appeared to emanate from the north coal 
pile well (MW-5) south toward MW-7; MW- 7 is downgradient of the 
middle of the pile and NRCP. 
o Another significant but lesser plume (lower for all but sulfate 
levels) appeared to emanate from upgradient of south end canal 
well, MW-11; MW-11 is innnediately downgradient of SRCP. 
- 54 -
I" 
r I· 
-
.. 
Overall, the "contaminant 1>lumes did not follow the water table contour's 
except in the upgradient background levels. These unusual chemical 
patterns, with groundwater contours parallel to the river, suggested 
.... 
fll);ther investigation. 
5.3.1 Effect of Runoff Collection Ponds 
Two possible additional contaminant so~rces are the two coal pile runoff 
collection ponds (Figure 1). The North Runoff Collection Pond (NRCP,, 
located west of the pile, collects· runoff from the north half _of the 
, 
pile. The South Runoff Collection Pond (SRCP), located southeast of the 
pile, collects runoff from the south half of the pile. NRCP and SRCP 
are directly upgradient of MW-7 and MW-11, respectively, canal wells 
where higher terrain conduc ti vi ties were measured. These ponds are 
unlined. · 
The observations concerning hydraulic connection of the water table with 
NRCP, plus the unusual chemical contours suggest possible effects of the 
ponds on the local groundwater system. A possible revision to the plume 
mappings postulated higher contaminant levels (unmonitored) between the 
two coal pile wells, MW-4, 5 (Figure 11) for sulfate levels. A revision 
for SRCP chemical levels is also shown. These p~alues, without 
violating existing monitoring data well, agree more closely with flow 
patterns. 
r 
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Water quality data (taken in 1980) from the two ponds tends to support 
_I 
the assertion of the ponds as additional contaminant.sources (Table 13). 
\ NRCP shows arsenic' level similar to MW-7, while SRCP's arsenic level is 
similar to MW-11. No pond data was available for the· major constituents 
of sulfate iron, aluminum and manganese; however, pond data can be 
·~ 
inferred to be equal to (SRCP) or even double (NRCP) the highest moni-
toring well readings, based on the ponds' arsenic, selenium and pH 
values. Pond'data, taken simultaneously with monitoring well sampling, 
would verify or negate this postulation. 
. 
The leachate may then be caused by a combination of leakage from the 
ponds and diffuse (areal) recharge from the coal pile. 
5.4 .Recharge Rates 
Two types of recharge--diffuse and pond--were used to model recharge to 
the saturated groundwater zone. For diffuse recharge, the regional 
average of 25. 4 cm ( 10 in) was used as an upper limit (see Table 5 in 
Section 4.2.2). For pond recharge, a preliminary water budget for pile 
precipitation was used to initially estimate that 10% of the available 
annual precipitation· was translated into leakage (25% of pond flows) 
from the two runoff collection ponds (see Table 8 in Section 4.3.1). 
r I "' -3 3 This pond infiltration was 4.6 x 10 m /sec (1,400 ft 3 /d or 
10,500 gpd). This amount of pond leakage, if translatedr into diffuse 
·I· 
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TABLE 13 
COMPARISON OF POND 
AND MONITORING WELL WATER QUALITY 
Chemical 
Location 
* NRCP 
* SRCP 
CL2-A 
' MW-5 
MW-ll 
MW-7 
MW-8 
MW-9 
MW-4 
* 
' As 
fEb 
88.5 
32.l 
21. 
34. 
44. 
9 7. 
l • 
l • 
< 1. 
Cd 
EEm 
<0.005 
/<0.005 
0.02 
0.04 
0.03 
0.02 
<0.01 
<0.01 
<0.01 
Cr 
EPm 
<0.02 
<0.02 
<O. l 
<O. l 
<O. 1 
<O. l 
<O. l 
<O. l 
<O. l 
Se 
PEh 
38.6 
3.5 
<10. 
<20. 
<20. 
< 10 •. 
<10. 
<10. 
<10. 
EH 
2.9 
6.8 
3.5 
3.7 
3.6 
3.4 
6.4 
5.8 
5.4 
Mn 
EEm 
37.9 
114. 
52. 
92. 
35. 
so. 
82. 
1980 Betz Data of North and South Runoff Collection Ponds. 
All other data from November, 1984 monitoring well sampling • 
Al 
EPm 
68. 
161. 
157. 
129. 
<0.3 
<0.3 
<0.3 
Fe 
~m 
'~ 
-
98.3 
1212. 
680. 
315. 
14.6 
52.l 
163. 
so4 
EEm 
-
1410. 
4835. 
3300. 
2420. 
560. 
938. 
1940. 
-, 
t 
·Remarks 
Perhaps so4 is 7-8000 ppm. 
Perhaps so4 is 4-5000 ppm 
similar to MW-5. 
"' t As as NRCP; 
perhaps I so4 . 
I As as NRCP; 
perhaps I so4 . 
.. 
I• 
recharge over the pile area, would be equivalent to about 10 cm (4' iri) 
areally. 
For final modeling, in order to match water levels, diffuse recharge was 
,j 
reduced slightly to 20.3 cm (8 in). Ultimately, pond recharge 
(represented only at NRGP) was' increased by about 50% to 8.1 x 
10-3 m3 / sec (2,290 f t 3 / d o; 17, 130 gpd) in order to produce a sat is-
I 
factory simulation of the water table. 
6.0 MODEL NEED AND SELECTION 
On initial cursory review, the coal pile did not appear to be a study . 
area requiring the use of groundwater models. . ' Modeling seemed extran-
eous since: 
o The pile sat so close to the river that it would not create 
much of a downgradient plume to track over a period of years 
in the model, and 
o The groundwater contours were expected to be fairly unif arm 
and parallel to thevtriver. 
On further review, modeling seemed useful: 
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o While the observed groundwater contours were fairly uni£ orm, 
the chemical contours of major constituents had distort~d 
configurations when directly interpolated. These contaminant 
"-
plumes could not be readily explained by advection. 
o Two other sources, the North and South Runoff Collection 
Ponds, were postulated as contributing to contamination. 
o The heterogeneous-layered geology may contribute to ground-
water flow distortions not indicated by water levels, but 
affecting contaminant levels (a 3-D model investigation). 
Groundwater flow/solute transport models could aid in interpreting 
(I 
existing data identifying data acquisition needs plus the modeling of 
some remedial measures. Available in one, two, and three dimensions, 
the most connnon is a two-dimensional, plan view, model. Two-dimensional 
models are also used in profile (cross-sectional) view. 
Groundwater flow models show the directions and rates at which conser-
vative dissolved contaminants move through the saturated zone (Mercer 
and Faust, 1980). Solute transport models can simulate the introduction 
\ 
o·f a contaminant to the groundwater system, increases or decreases in 
.,. 
the contaminant· loading (over time or area), and the cessation of 
contaminant, thus giving a series of "snapshots" of contaminant plume 
0 
development over selected periods. 
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. Although many computer programs have been developed, very few are 
. ' 
readily available (Hamilton, 1982). Two readily available United States 
Geological Survey models are: 
o "The Computer Model of Two-Dimensional Solute Transport and 
Dispersion in Ground Water," by Konikow and Bredehoeft (1978). 
o "A Modular Three-Dimensional Finite Difference Groundwater 
Flow Model," by McDonald and Harbaugh (1984). 
The "Computer Model of Two-Dimensional Solute Transport and Dispersion 
in Ground Water" was selected for four primary reasons: 
-
/ 
Applicability - The model used standard methods to solve the 
groundwater flow and solute transport equations for fairly large 
scale or detailed problems. The model could simulate the hetero-
geneous site using variations in transmissivity and recharge to 
achieve a reasonable match of groundwater levels. Although only a 
p 
conservative (nonreactive) solute transport model was used, this 
capability was valuable for the study of location and magnitude of 
contaminants in the system. 
- Field-Tested - The model has . been used in several published in-
vestigations (Anderson, 1979). 
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Availability - The model is well-documented and readily available 
,• J .I. .. 
~· • I 
· on Lehigh University's mainframe computer. 
" 
-
Familiarity - The author used the model in a previous study for a 
generalized location. 
Two recognized limitations of the model were its two-dimensional repre-
sentation of a three-dimensional system and its porous media represen-
tation of a combined porous/fractured media. 
' 
It was originally proposed to assess the coal pile seepage in a itequence 
of two- then three-dimensional modeling. Recommendations from the 
two-dimensional modeling suggested the need for further data acquisition 
to confirm key model parameters (Section 9.0). T~erefore, three-
dimensional modeling was deferred for later study, if warranted, after 
more data are acquired. 
6.1 Model Sequence 
Modeling was conducted on the site to provide a quantitative assessment 
of the groundwater flow, solute source and transport. Models were 
chosen and developed in increasing complexity to use and interpret the 
existing data. Simple water budget models were used initially, and 
later as checks, to determine gross quantities of water entering and 
leaving the system (Section 6. 2). An analyt~cal unidirectional model 
'· 
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was· used to approximate groundwater levels along cross-sections with the 
most available data (Section 6.3). • 
The computer model, used initially to corroborate the unidirectional 
model findings, was expanded to consider a two-dimensional (plan view) 
model bf the site's water table. This two-dimensional model included 
gr.oundwater upgradient of the coal pile site, groundwater below the 
pile, and the groundwater downgradient of the pile entering the river. 
Initially, tl1e 2-D model was designed using a coarse grid to give a 
rough approximation of the water table, then it was refined to a finer 
. 
grid in order to achieve a good approximation of the existing water 
table. This finer grid was implemented on a majority of groundwater 
below and downgradient of the coal pile site, where existing monitoring 
well data had shown evidence of greater-than-background-level contamina-
tion. The finer grid included all wells except the three wells in the 
northern-most boundary of the coal pile and the three uncased wells 
south of the coal pile (Section 6.4). 
Finally, the solute transport was simulated op the finer two-dimensional 
grid model of the site's water table. Sensitivity runs on various para-
meters affecting transport were performed as a final test of the model 
results. 
- 62 -
\. 
, . 
f 
. ' 
.'\ 
/ 
6.2 Water Budget Flow Model 
In Section 4.2.2, water budgets were used to quantify available water on 
a basi-nwide or global level. Water budgets were also used as simple 
analytical models of the site itself using the following expression: 
Q = ~h b KL 
n ~l n n 
where: 
. ' 
. ·, 
Q = groundwater flow, m3 /se~ (ft 3 /day) 
n 
~h = vertical change in water level = gradient 
~l horizontal distance between water levels 
b = saturated thi~kness, m(ft) 
n 
K = hydraulic conductivity, m/sec (ft/d) 
n 
L = length of section perpendicular to flow, m(ft) 
• 
n = location of flow evaluation typically "u" for upgradient flow 
into site and "d".for downgradient flow out of sit~ 
Note: b x K = T , transmissivity, m2 /sec (ft 2 /d) 
n n n 
Generally, 
•. 
Water budget mod·els were very useful, as a check on the accuracy of the 
unidirectional flow model· and as a method to delineate the initial 
,· 
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geometry of the site, in particular, for saturated thickness (Results -
Section 7.1). 
6.2.1 Drainage Area Analysis 
The water budget Section 6.2 served as a gross estimation of ·flows 
available to the groundwater system. Two drainage area calculations 
served as other gross (order of magnitude) checks on flows (Results -
) Section 7 ~1.1). 
6.3 Unidirectional Flow Model 
' 
The ~ater budget model, discussed in Section 6.2, used a rough approxi-
mation of the hydraulic gradient, i.e., two "slope" values between three · 
well points for most of the cross-sections. To better understand the 
parameters affecting head, namely hydraulic conductivity (K) and satu-
rated thickness (b),. another step of complexity was added. With the 
design of an analytical, unidirectional flow model, more discrete cells 
\ 
along a cross-section were examined without the need to take an immedi-
ate jump into the complex setup of a computer model. K and b values 
were adjusted iteratively, revising the calcu~ated changes in head, to 
account for observed water levels. 
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6.3.1 Unidirectional Flow Modei Assumptions and Limitations 
As with tpe water· budget, the unidirectional flow model assumed that 
flows were conserved. The model assumed one combined layer of saturated\~ 
thickness and that no flow is lost due to leakage through the bottom of 
the system. As the name "unidirectional" implies, the model assumed no 
• 
lateral flows. 
,, 
The model can be conceived of as a series of connected boxes or cells, 
each with a head value at the center or node. The two end boxes were 
constant head cells, and the interior cells were varied based· on the 
transmissivity (K x b) of each of the cells. The summation of the heads 
was then: 
A flow for each cell were then be calculated by: 
where Q, T, and ~h/~l were as defined in Sec~ion 6.2 and where W = width 
of the section perpendicular to flow. The term Qinfil was the flow due 
to infiltration from direct precipitation/runoff percolating into the 
node. Qinfil was taken to be zero for the purposes of this model analy-
.. 
,., 
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sis; it was considered later, only after several more steps of modeling 
complexity, as recharge. 
. .. \ 
If these flows at each node were sununed, it was shown that: 
g 
w 
Results of this effort were shown in Section 7.2.1.1 and 7.2.1.2. 
6.4 Two-Dimensional Flow and Solute Transport Model 
The Konikow-Bredehoeft model (1978) couples the groundwater flow equa-
tion, solved by a finite difference method, and the solute transport 
equation, solved using the method of characteristics to obtain the 
governing equations and boundary conditions. The resulting equations 
and boundary conditions.are solved using the finite difference method. 
The components of the transport process addressed in the model are 
advection and dispersion .. Advection refers to movement as a result of 
differences in he,ad. Dispersion refers to mixi~g and spreading of 
particles through the pores. Theoretically, disperslon is made up of 
• 
two components itself, mechanical dispersion and molecular diffusion • 
.... 
The Konikow-Bredehoeft model ignores molecular diffusion because it is 
typically negligible in comparison to total dispersion flux. 
" 
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6.4.1 Flow Model Assumptions and Limitations 
The theoretical differential equation for simulating groundwater flow in 
this model (Konikow and Bredehoeft, 1978) is: 
where: 
Tij 
h 
s 
t 
W=W(x,y,t) 
a (Tij ah ) = 
ax. ax. 
s. ah + w 
-at 
i 'j SI 1\, 2 
1 J 
' 
• the transmissivity tensor, m2 /sec (ft 2 /day); lS 
is the hydraulic head, m (ft); 
• the storage coefficient, (dimensionless); 1S 
is the time, sec; 
is the volume flux per unit area (positive sign for out-
flow and negative for inflow), m/sec (ft/day); and 
are the Cartesian coordinates, m (ft). 
The Konikow-Bredehoef t model is a two-dimensional, areal groundwater 
model. In other words, it presented a "plan view" of groundwater trans-
port, not a profile or a "solid" 3-D view of the leachate being trans-
ported. It thereby assumed that vert.ical variations in head and_ con-
centration were negligible. 
Other significant assumptions.within the model are that: 
\ 
r-) 
I ( ' 
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1. Porosity and hydraulic conductivity are constant with time, and 
porosity is uniforni. in space. 
2. Velocit)' is not crffected by, changes in fluid density, viscosit}·, 
and temperature. 
6.4.2 Solute Transport Model Assumptions and Limitations 
Th.e theoretical transport or dispersion equation (Konikow and 
Bredehoeft, 1978) is: 
where: 
C 
D •. 1J 
b 
C' 
€ 
a(Cb) = 
at 
a (bDij ~) - a (bCVi) - C'W 
ax. ax. ax1 E 1 J 
i,j=l,2 
is the coricentration of the dissolved chemical species~ mg/1; 
is the coefficient of hydrodynamic dispersion (a second-order 
tensor), m2 /sec (ft 2 /day); -
is the saturated thickness of the aquifer, m (ft); and 
is· the concentration of the dissolved chemical in a source or 
sink fluid, mg/1.· 
' 
is the effective porosity of the aquifer, dim·ensionless. 
The dispersion coefficient (Konikow and Bredehoeft, 1978) is defined as: 
,,. 
. ) 
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where: 
Cl ijmn 
V and V 
m n 
.. 
(~ 
... 
is the dispersivity of the aquifer, m (ft); 
are components of velocity in them and n directio~s, 
respectively, m/sec (ft/day); and 
is the magnitude of the velocity, m/sec (ft/day). 
Other significant assumptions w~thin the model are that: 
1. No chemical reactions occur that would retard or accelerate trans-
port (i.e., conservative constituents or a presumably conservative 
2. 
analysis). 
~ 
I 
\, 
The aquifer is homogeneous and isotropic with respect to the coef-
ficients of longitudinal and transverse dispersivity. 
Results of this flow and solute modeling are found in Section 7.3-9.0. 
~ 
7.0 FLOW MODEL ANALYSIS 
• 
Increasingly complex analytical and computer flow models were used to 
match the best set of actual water levels. Initially, gross water 
quantities were estimated using a water bud~e·t model and drainage area 
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checks (Sections 7.1 and 7.1.l)Q Then transmissivity and recharge 
values were varied in one- and two-dimensional models to achieve an 
... 
excellent match of water levels, within ±0. 3 m or (±1 ft) of actual 
levels for· the areas of greatest'· interest, that is, all but the ·north-
ernmost border wells and two of the southernmost·metal cleaning waste 
basi~ wells (Sections 7.2-7.5). 
7.1 Water Budget Models 
The s,implest model was used only after extensive review of available 
data, particularly: 
1. core borings - for depth of soil/rock layers 
2 . water levels - for hydraulic gradients (change in head) 
3. slug, recovery and packer tests - for hydraulic conductivities 
The budget established twelve (12) flow values across four (4) cross-
sections for three (3) soil/rock layers (Table 14). 
Each of the twelve cross-secti·onal layers had an estimated average satu-
rated thickness across the whole cross-section. Four average hydraulic 
gradients were used, one for each cross-section. Later, two gradients 
i per cross-section would be used in modeling. No modeling of layer-by-
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Layer 
1. S/G 
~ 
2. Weathered/ 
Fractured Shale 
3. Intact Shale 
c-s 
A-A' 
B-B' 
C-C' 
D-D' 
A-A' 
B-B' 
C-C' 
D-D' 
A-A' 
B-B-' 
C-C' 
D-D' 
Volumetric flow rate for 40' 
" ! 
w l: 
.. 
TABLE 14 
INITIAL WATER BUDGET 
FOR 40-FOOT SOIL/ROCK BELOW PILE 
Avg. Saturated 
m 
-
4.9 
3.0 
3.0 
4.6 
' 
6.1 
4.6 
3.7 
6.1 
6.1 
6.1 
6.1 
Thickness b 
,--
.~ 
ft 
-
16 
10 
10 
,· 
15 
None 
20 
15 
12 
20+ 
20+ 
20+ 
20+ 
_ .. 
5,950 + 5,910 + 4,340 = 
Q = 
Q = K ~h bL 
-
~L 
~H 
-
~L 
-
0.022 
0.028 
0.018 
0.018 
0.022 
0.028 
0.018 
0.018 
0.022 
0.028 
0.018 
0.018 
16,200 ft 3 
day 
O.W38 cfs 
0.121 mgd 
-
m 
-
168 
381 
305 
122 
168 
381 
305 
122 
168 
381 
·305 
122 
( 
soil/rock= 121,000 gpd (44,000, 44,000, 33,000+ gpd) 
'. 
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• 
L, 
Length 
, 
i 
I 
. . . ' ..::, 
L, 
,{ i'' ' .... 
ft 
-
550 
1,250 
1,000 
4-00 
550 
1,250 
1,000 
400 
550 
1,250 
1,000 
400 
• 
K 
-
7.3 ft 
day or 
-5 2.6x10 m/s 
5.6 ft 
day or 
. -5 2.0xlO m/s 
3.0 ft 
day or 
-5 1.lxlO m/s 
I· ! . 
' 
~ ~ . -· 
,i • - ., 
j 
.· .- ' . ) .. 
- •-.' ' . . ~- . !I.' ' 
• 
. ' ' 
t 
t. 
g 
f t3/ d 
1,290 
2,560 
1,310 
790 
5,950 
0 
3,920 
1,510 
480 
5,910 
730 
2,100 
1,080 
430 
4,340 
• 
-' .. x 
) 
- .i :.'. ' . 
' ' 
• 
/ . . ,- /' .: 
. . ' . 
".: ',.'. ';i ·, .:·_,.:' .; - ·.;·. ,: . . .. 
' 
. : ~ : ' ' . 
.. 
. ,· 
" 
layer gradients was performed. Such precision was not warranted ·since 
... 
. 
the modeling for this study did, not exceed the two-dimensional (one 
layer) level. 
Overall, the summation of these twelve flows established an initial flow 
C 
out of the system of .0053 m3 /sec (16,200 ft 3 /day or 121,000 gpd). 
Later·, these hydraulic conductivities were revised based on more devel-
oped criteria, explained in Section 5.2.1. This led to a revised water 
. 
budget, dealing with all cross-sections except A-A'. The budget _estab-
lished a slightly lower flow out of the svstem of 
., .0044 m3 /sec 
(13,600 ft 3 /day or 101,000 gpd) and caused a much more reasonable set of 
flow patterns (Table 15). 
7.1.1 Drainage Area Calculations 
.... ,.,., 
\ d • 
T~6 drainage area calculations served as gross (order of magnitude) 
checks on water budget flow estimates. For one calculation, the pile 
area, approximated as one-sixth of the total surface drainage basin, was 
multiplied by one-half of the annual precipitation rate. For the second. 
calculation, an assumed 0.05 m3 /s/km2 (0.7 cfs/ mi 2 ) was multiplied by 
the same area. This analysis was equivalent to about one-fourth of the 
annual precipitation rate (25.4 cm/yr or 10 in/yr) . 
• 
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I 
c-s 
A-A' 
K h (Ah/Al) J .. 
u uft3/day u 
[m3 /sec] 
4.96(65)(0.024)(400) 
= 3 , l 00 [ 0 . 011 ] 
TABLE 15 
REVISED WATER BUDGET 
Trial (1) 
~bD (Ah/Al) 0 L ft 3 /day 
[ni 3 /sec] 
0.60(52)(0.044)(400) 
= 550 [0.0019) 
Trial (2) 
~bu (Ah/Al ) 0 L. ft 3 /day 
[m 3 /sec] 
(65) 
690 [0.0024] 
..... 
Trial (3) 
b = 12 0 t 100 t 16 8 t 
100, 100 
[m3 /sec) 
(120) 
1,270 (0.0045] 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ....... .,._ - - - - -B-8' l.97(70)(0.027)(1200) l.56(SO)(O.OZS)(l200) (70) (100) 
BC-BC' 
r 
C-C' 
0-D' 
= 4,470 (0.016] 
3.21(67)(0.024)(400) 
= 2,070 (0.0073) 
3.61(52)(0.024)(800) 
= 3,600 (0.013] 
l.76(61)(0.017)(400) 
= 7 30 [ 0. 0026] 
Without A-A' Q in Qout(l) 
8,780 10,870 
= 2,340 [0.0082) 
2.63(168)(0.025(400) 
= 4,420 [0.0156) 
2.82(44)(0.015)(800) 
= 1,490 [0.0053] 
l.57(50)(0.017)(400) 
= 530 [0.0019) 
Qout(2) 
10,110 
3,280 (0.012] 
( 168) 
4,420 (0.0156] 
(52) 
. 
1 t 7 60 [ 0 •. 006 2 ) 
(61) 
650 [0.0023] 
4,690 [0.017] 
( 168) 
4,420 [0.0156) 
( 100) 
3,380 (0.012) 
( 100) 
1,070 [0.0038) 
Try b = 100 ,· 168, 100, 100 
Qout (J) = 13,560 
13,560 - 10,870 = 2,690 ft 3 /d ro~0095 m3 /sec) or 20% of Q 
out 
.. 
\ 
) 
The calculation checks are compared to the water budget in Table 16. 
Overall, the second calculation check compared well· with the overall 
water budget total flow, while the first check was about double .the 
total water budget flow. These results point to the water budget mag-
nitude being in a reasonable range for this study. 
7.2 Transmissivity Calibration 
/ 
-~ 
The parameter having the greatest impact on the groundwater flow system 
is transmissivity. For this reason, the bulk of ~ata acquisition, data 
I 
assessment and flow modeling was devoted to developing increasingly ac-
curate transmissivity grid maps to match ob~erved·water levels. 
7.2.1 Unidirectional Flow Model 
The analytical unidirectivnal flow model (explained in Sections 6.3 and 
6. 3 .1) can be developed in the manner of a "spread sheet" or tabular 
calculation showing the depe~dence of the latter columns on the initial 
columns. These results are explained in the next two sections. 
7.2.1.1 Unidirectional Flow Model Results - One Layer 
The analytical unidirectional flow model assisted in comparing measured 
... 
water levels (h) to estimated hydraulic conductivities (K), saturated 
thicknesses (b) and hydraulic gradients (~h/~1). The cross-section with 
(_ 
, 
'' 
I 
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TABLE 16 
DRAINAGE ANALYSIS \CHECK 
A pile ;; 1/6; A 11 ;; 29 acres, Ad 1 · · ~ 174 acres A . p e ra nage 
drainage 
1. "20 in/yr analysis" 
• 
Assume 20 in/yr reaches groundwater, Q •ix A 
Q • 20 in x 1 yr x 1 ft (175 acres x 43,560 ft 2 ) • 
A yr" 365 d 12 in acre 
34,610 ft~ 
day 
2. 
Q • 1 (34,610 ft 3 )° or 5,770 ft 3 Apile -6 day day 
"10 in/yr analysis" 
Assume 0.7 cfs reaches groundwater 
sq mi 
174 acres x 43,560 ft 2 x 1 mi 2 = 0.272 mi2 
acre (5,280) 2 
QA• 0.272 mi 2 x 0.7 cfs x 86,400 sec• 16,450 ft 3 
mi2 day day 
Q • ! (16,450 ft 2 ) • 2,740 ft 3 Apile 6 day day 
equivalent to 
9.5 inches/yr 
(say, 10 in/yr) 
--------------------------------,, ( I 
Revised 
Water Budget 
(Table 15) 
Comparison of Qin ft 3 /day (m3 /sec) 
"10 in/yr 
~nalysis" 
Q 13,560 (.0479) out· Q • A 16,450 (.0581) 
"20 in/yr 
analysis" 
34,610 (0.122) 
Qout-~ • 2,690 (.0095) QApile • 2,740 (.0097) 5,770 (0.020) 
Q t (13,560 ft 3 /d) is slightly less than "0.7 cfs analysis" 
ou (16,450 ft 3 /d) value. 
.. Q t-Q. (2,690 ft 3 /d) is about equal to "O. 7 cfs analysis" 
· ou in (2,740 ft 3 /d) value. 
Qout represents about 8 in/yr and Qout-Qin rep!esents about 9 .. in/yr. 
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the most data, Cross-Section C-C', was used; C-C' contained the two deep 
cluster wells (CLl-A, B, C and CL2-A, B, C) and the only remaining coal 
pile well (MW-4) . 
. 
. "1' 
Initially, the model was calibrated based only on the sand/gravel layer, 
the saturated thickness varying 8. 2 to O. 9 m (27 to 3 ft) from the 
upgradient to the downgradient node. To achieve a water balance with 
this significant decreas_e in thickness, required a low hydraulic con-
I) 
ductivity on the upgradient side (1.16 x 10-5 m/sec or 3.3 ft/day) and a 
I 
-5 high hydraulic conductivity on the downgradient side (5.3 x 10 m/sec 
or 15 ft/day) . 
' To achieve a match of observed water levels in the cluster wells, with 
this original sand/gravel-only assumption, required an increase in the 
overall head in the system and some smoothing of the hydraulic con-
ductivity values near CL-1. These matches were achieved at the expense 
of the intermediate well (MW-4) match. The modeling resulted in a 
severe (1.52 m or 5 ft) mounding effect in comparison to its observed 
water level. Although this mounding was not ,a satisfactory result, the 
\i 
flow calculation of 4.55 .x 104 m3 /sec (1,380 ft 3 /day) compared well to 
previously-calculated flow in the water budget for that cross-section 
and layer. 
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7.2.1.2 Unidirectional Flow Model Results - Two-Layer Composite 
The unsatisfa~tory results of the simpler one-layer unidirectional model 
lead to: 
1. A reassessment of the hydraulic conductivities for all cross-
sections and layers on a more rational basis, and 
The 
r-
A recalculation of the unidirectional model based on thicker 
layers. 
reassessment of hydraulic conductivities is discussed in 
Section 5.2.1. The revised unidirectional model is described here. 
The revised model added 6.1 m (20 ft) at each cell to account for addi-
tional flow in the weathered/fractured shale and shale layers. As a 
t!,!s·t, the two-layer model, varying in saturated thickness from 15. 8 m to 
7 .01 m (52 to 23 ft) was set at a constant hydraulic conductivity of 
.. 
1.16 x 10-5 m/sec (3.3ft/day). This value was the average of slug, 
recovery, and packer test data on CLl-A. 
0 
Iterative adjustments were made in hydraulic conductivity resulting in: 
1. A match at CL-1, 
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2. A calculated value 0.305 m (1 ft) higher than observed at MW-4, and 
3. A calculated value 0.305 m (1 ft) lower than observed at CL-2. 
The best results for Cross-Section C-C' (the three-well cross-sections) 
is shown in Table 17. 
-5 The new upgradient K value of 1.59 x 10 m/sec (4.5 ft/day) was based 
on an average of the hydraulic conductivity data for CL-lA, B and C. 
-5 The new downgradient K value of 2.3 x 10 m/sec (6.5 ft/day) was based 
on an average of hydraulic conductivity data for CL-2A, B, and C. 
The matching (to within 0.305 m or 1 ft) of observed levels in Cross-
Section C-C' was achieved at the expense of matching flow calculitions 
from previou·s water budgets. Flows significantly increased to 9. 3 x 
10~4 m3 /sec (2,840ft 3 /day), accounting for almost"half of the flow 
• 
calculated as entering from the upgradient end of the cross-section for 
the revised water budget. This was due to considering a greater satu-
rated thickness. 
The best results for Cross-Section B-B' is shown in Table 18. A comp~ete 
match for the three wells was achieved. 
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-TABLE 17 
UNIDIRECTIONAL FLOW MODEL RESULTS c-c' 
l1L • 200 tt (61.0 m) 
K 
-
2.5 
2.5 
2.4 
2.4 
4.9 
4.0 
3.1 
b 
-
30 
30 
so 
50 
52 
86 
120 
T 
75 
75 
120 
120 
255 
344 
372 
.l1L/T 
2.67 
2.67 
1.67 
1.67 
0.78 
0.58 
0.54 
r 10.ss 
Q • 35(1000) = 3,309 f~3 or 0.012 m3 
10.58 sec 
~h. 3,309(.2) s 661 
T T 
[433][422)(419] Observed October 18, 1985 
(432)(422)(418) Calculated 
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661/T 
8.82 
8.82 
5.51 
5.51 
2.59 
1.92 
1.78 
,. 
Elev. 
(ft) 
450.95 
442.13 
433.30 +CLl 
427.80 
422.29 +MW4 
419.70 
417.77 +CLZ 
\ 
.. 
.-
.. 
_j 
t TABLE 18 
' UNIDIRECTIONAL FLOW MODEL RESULTS B-B' 
~L • 200 ft (61.0 m) 
-2 -+-1 
-1-+ 0 
0 -+ 1 
1 -+ 2 
2 -+ 3 
3 + 4 
4-+ 5 
K 
-
2 
2 
2 
,, 
~. 
2.0 
1. 8 
1. 6 
b 
-
60 
60 
60 
60 
70 
95 
120 
T 
120 
120 
120 
120 
140 
171 
r 191 
6L/T 
1.67 
1.67 
1.67 
1.67 
1.43 
r .11 
1.04 
1: 10.31 
Q • 35(1,200) • 4,075 f:3 .or 0.014 m3· 
10.31 sec 
~h. 4,075(2) = 679 
12T T 
* ' [438][427 ][420] Observed October 18, 1985 
(438)(427)(420) Calculated 
* 
fih. 
679/T 
. 5. 65 
5.65 
5.65 
5.65 
4.85 
3.97 
3.53 
I\ 
Elev. 
(ft) 
-450. 96· 
445.30 
439.65 +MWZ 
434.00 
428.35 +MWS 
423.51 
4~19. 54 +MWS 
Estimated from 1984 data, since MW-5 well was destroyed. 
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7.2.2 Two-Dimensional Flow Model Analysis 
The two-dimensional, plan view, groundwater flow ·computer model simu-
lated the groundwater system as one layer. Areal variations ·of para-
meters in each cell of more and more complex grids lead to closer and 
closer match of water levels. First, a unidirectional grid was modeled 
(_ 
of just one west- (upgradient)-·to-east-(downgradient) areal slice of the 
site (Section 7.2.2.1). Then coarse and fine two-dimensional grids of 
the majority of the site were modeled (Sections 7.3.1 and 7.3.2). 
Three-dimensional modeling was not conducted. While there were three 
cluster wells available for three-dimensional simulations (if a 3-D 
model had been used), the rationale of "beginning with simple models and 
increasing the complexity as warranted" was adher·ed to. More data is 
needed before more complete modeling is warranted. 
A significant amount of practical information was acquired using the 
two-dimensional model, and continued 2-D modeling could provide more 
information, without requiring the complexity of 3-D simulations. 
Further, while water quality and packer test data were available for 3-D 
modeling, no vertical hydraulic conductivity data were available. 
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7.2.2.1 Unidirectional Flow Model Grid 
The computer modeling effort began .. with the use of two-dimensional flow 
model in a one-dimensional form. 
The water table of Cross-Section C-C' (Figure 4) was modeled for a 
I 
saturated thickness b of between 21.3 m to 7.0 m (70 ft-23 ft) and a 
hydraulic conductivity K of 1.69 x 10-5 m/sec (4.5 ft/day) for all seven 
cells except the most downgradient, which had an initial K of 2. 7 x 
-5 10 m/sec (7.6 ft/day). 
The primary objective was to match the three changes In head fot: the 
last four cells, without severely changing transmissivity. In order to 
, 
achieve the match, a change in transmissivity in the last cell was 
necessary, equivalent to nearly doubling its K value to 5.0 x 10-S m/sec 
(14.1 ft/day) and increasing the K value of the next most downgradient 
-5 
c~ll sli~)ly to 1. 9 x 10 m/sec (5 ft/day). 
Increasing the downgradient cells' transmissivity had the effect of 
decreasing the change in head between them. A higher transmissivity 
near the river could be justified due to potentially greater sand/gravel 
deposits. 
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7.3 Transmissivity and Recharge Calibration 
Two of the most powerful parameters in the computer modeling effort were 
transmissivity and recharge. After "coarse" water level modeling 
. " 
varying only transmissivity and upgradient head, "finer-tuned" 
,' 
water level maps were achieved by introducing dif fuRe recharge to all 
cells and pond recharge at particular cells. Iterations varying trans-
missivity and recharge were performed to achieve a match in observed 
water levels. 
7.3.1 Two-Dimensional Flow Model - Coarse Grid 
A two-dimensional coarse grid ( 10 x 12), made up of 120 individual 
cells, 61 m x 122 m (200 x 400 ft) with individual areas of 7,430 m2 
(80,000 ft 2 ) and having a total area of 892,000 m2 (9,600,000 ft 2 ) was 
developed to model the water table below the coal pile and adjacent 
areas (Figure 12). An arbitrary constant head boundary was set 7. 6 m 
(25 ft) upgradient of the pile, and the river 0.3 m (1 ft) was set as 
the downgradient constant head boundary. Saturated thickness (b) and 
hydraulic conductivity (K) maps were combined to produce the initial 
transmissivity (T) map (Figure 6). 
The :primary objective in these simulations. was to match the actual· water 
level~"t to wi'thin O .\os m or 1 ft) without severely altering transmis-
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sivity values or introducing extremely high diffuse recharge or high 
recharge values for NRCP leakage. 
The critical regions for match were: 
1. Eight monitoring wells [MW-1,2,4,7,8, CLl,2 and MW-C]. 
2. Other estimated (contoured) water level values. 
Simulations were conducted to test the sensitivity of the following · 
parameters on water level match: 
1. upgradient constant head 
2. diffuse recharge 
3. pond recharge 
4. transmissivity 
During this 'calibration period, the geologic consultants (Dunn, 1985) 
who had conducted the various slug, recovery and packer tests revised 
their hydraulic conductivity data. The author had earlier questioned 
them about some high values in their preliminary draft report containing 
these data. These data were revised downward by the consultant based on 
their recalculation of these tests. For this reason, the hydraulic con-
,----
ductivity (K) and transmissivity (T) maps were revised to reflect these 
values. In addition, the author chose to omit Cross-Section A-A' data 
which had the widestr range of hydTaulic · conductivities (6 x 10-9 -
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-5 8.11 x 10 m/sec or 0.0018 - 23 ft/day) and the least contami~ation of 
the cross-sections·. When these revised hydraulic conductivity values 
were factored into the water budget, it revealed that a downgradient 
~ 
saturated thickness of 30.5 m (100 ft) would be sufficient for all but 
the Cross-Section E-E', where the new CL-3 well indicated significant K 
¥ . 
valu~s to 51.2 m (168 ft). These values were used to gener~te a new T 
map (Figure 1 3) • 
A constant head of 7.32 m (24 ft) above the river, the revised trans-
missivity (T) map (Figure 13), and a diffuse recharge (R) map 
(Figure 15) produced the closest water level ''match" that of all cells 
within the 15-cell central region were within ±0.305 m (±1 ft). 
7.3.2 Two-Dimensional Flow Model Fine Grid 
A 26 x 16 two-dimensional fine grid of cells 30.5 m x 30.5 m or 100 ft x 
100 ft (equal to 929 m2 or 10,000 ft 2 ) was developed to refine the simu-
lated water table (Figure 14). 
The primary objective in these simulations was to match the eight moni-
toring wells [MWl,2, 4, 7, 8·, CL-1, CL-2 and MW-C] without severely 
changing transmissivity values or introducing high diffuse recharge or 
high recharge values for NRCP leakage.· 
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Extensive simulations were conducted to test the sensitivity of the fol-
lowing parameters on water level match: 
o upgradient constant head 
o diffuse recharge 
o pond discharge 
o canal discharge 
o transmissivity (and its anisotropy) 
All eight monitoring wells were matched with the revised transmissivity 
and recharge maps (Figures 16 and 17). Also shown on Figure ~6 is the 
deviation from original T values. Some upgradient sections of B-B' and 
-5 BC-BC' increased from the originally-estimated values by 5. 4 x 10 -
1.61 x 10-4 m2 /sec (50-150 ft 2 /day). Some coal pile and downgradient 
sections of BC-BC' and C-C' decreased from originally-estimated values 
by 5.4 x 10-5 - 2.2 x 10-4 m2 /sec (50-200 ft 2 /day). Although the high 
transmissivity values for upgradient areas is unusual, the overall grid, 
-5 4 
varying from 8.6 x 10 - 3.8 x 10- m2 /sec (80-350 ft 2 /day), was judged 
t 
still reasonable for this level of study. This grid, while not a unique 
representation of what may exist at this site, is still a reasonable set 
of values that achieves a very good match. 
7.4 Parameter Selection 
Selection of h·ydraulic and geochemical ·parameters were based on: 
. ,..,, 
y 
.,... ......._ 
I ' \ 
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1. Hydraulic - field geologic and hydraulic test data refined 
through water budget and flow model iterations. 
2. Geochemical - typical values a"Q.4 field values provided from 
the literature (Sections 7.5 and 8.2). 
7.5 Flow Model Calibration 
The flow model calibration was conducted to simulate the flow conditions 
under which solute transport would occur. The groundwater contours 
(interpolated from monitoring wells) were parallel to the river, except 
for a bulge near MW-7. At MW-7, the water level was 0.4-0.76 m (1.5 -
2.5 ft) above adjacent wells which were also along the abandoned canal. 
·-· 
This bulge could be modeled within the flow model calibration. 
Once the initial transmissivity map (Figure 6) had been established the 
transmissivity was varied by trial and error to match observed water 
levels. Two "mismatch" situations were: 
/ 
i. water level too high 
ii. water level too low 
If the cell's water level was too h~gh,· cells could be altered through: 
a. increase transmissivity of downgradient cells or 
b. decrease transmissivity of upgradient cells. 
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Conversely, if the cell's water level was too low: 
a. decrease transmissivity of downgradient cells or 
b. increase transmissivity of upgradient cells. 
In the two-dimensional grid, "fine tuning" one cell's transmissivity led 
' to· "unmatching" an adjacent cell (north or south in this site). Care 
was taken to observe all match cells after each run to ensure that 
transmissivity modifications were improving (not degrading) the overall 
map. 
: 
Modifying one row's transmissivity did adversely affect adjacent areas, 
either by unmatching "matched cells" or by worsening "cells-to-be-
matched." In essence, the altering a particular cell(s) transmissivity. 
was stimulating lateral flow patterns that did not exist under assumed 
transmissivities and, therefore, was not helpful to calibration of the 
overall grid. Eventually, this lateral interference was reduced by 
changing the parameter T /T , from 1.0 to 0.5, making each row more 
' yy xx 
hydraulically remote from its adjacent rows and creating anisotropic') 
conditions. 
Varying recharge was another means to calibrate the model. Typically, 
cells upgradient of the "cell-to-be-matched" were ipcreased in recharge 
if the "match cell" was too low, and decreased if the match cell was too 
high. Diffuse recharge values could be changed for a cell or group of 
j 
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cells anywhere in the grid and thus used as a localized "fine~·tuning" 
mechanism. Pond and canal recharge represented localized areas of 
higher recharge due to surface water bodies leaking more heavily into 
the aquifer than just water due to precipitation percolating downward. 
Therefore, the impact on the system was more localized but very signi-
ficant in the overall model calibration. The pond recharge was 
increased several times in order to achieve the observed bulge at MW-7. 
This increase is realistic if the pond sees a substantially higher flow 
than assumed. Very conservative pond retention times were used for 
initial estimates, so increasing flow from the pond ~eemed reasonable 
for this range of increase. 
Varying constant head values served to increase or decrease flow to all 
downgradient cells of a particular croRs-section. Varying head was an 
even "coarser" tuning mechanism than varying transmissivity or recharge 
because it could only be used at the most upgradient cell of a partic-
ular row. Therefore, if the calibration problem was from a combination 
of "one cell too high and one cell too low" in a particular row, varying 
head alone could not solve the problem. , Either all would increase or 
all would decrease. Another series of transmiss i vi ty / recharge i tera-
t ions would usually resolve this problem. (If upgradient water levels 
were known, this series would not have been needed.) 
From· this effort, the base case groundwater contour simulation was 
V 
achieved (Figure 18) using the parameters shown in Table 19. The com-
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puted and ob~erved (10/18/85) water levels at the eight wells deviated 
by less than 0.31 m or 1 ft (Table 20). 
7.5.1 Flow Model Sensitivity Analysis 
. A sensitivity analysis is a series of simulations performed to see the 
effect of a particular parameter on the whole system. In each run, one 
parameter is increased or decreased while all others are held constant. 
If a small change in a parameter causes a large change in the system, 
then the system is extremely sensitive to the parameter. Conversely, if 
a large change in a parameter causes only a small change in the system, 
the system is likely to be insensitive to the parameter. The parameters 
which have the greatest impact on the system must be selected the most 
carefully. Sensitivity analyses for the groundwater flow parameters 
(transmissivity, diffuse recharge and pond recharge) are shown in 
Table 21 and discussed in the following three subsections. 
A. Transmissivity Sensitivity 
The bulk of the data acquisition, data assessment and flow modeling, to 
( 
this point, has been devoted to developing a transmissivity map which 
would match observed water levels. This work tested the sensitivity of 
transmissivity. A test was ~lso performed for transmissivities 1.2 and 
-5 1. 5 times higher than the calibrated values of 8. 61 x 10 - 3. 76 x 
4 
> 
10- m2 /sec (80-350 ft 2 /day). 
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TABLE 19 
BASE CASE PARAMETERS 
Hydrologic and 
Chemical ·Parameters 
Storage Coefficient 
Effective Poroj{ty 
Longitudinal Dispersivity 
Transverse to Longitudinal 
Dispersivity Ratio 
Ratio of T to T yy xx 
Transmissivity 
Constant Head Boundaries* 
above the river 
NRCP Recharge Rate 
Areal Recharge Rate 
Leakage Rate 
Initial Concentration, C 
0 
Fine Grid Descriptors 
Number of Columns 
Number of Rows 
Fine Grid x- or Y-length/cell 
Pumping Period 
Aquifer Thickness 
SI Units 
0 
0.25 
30.5 m 
0.3 
0.5 
-5 8.6 X 10 ~ -
-4 3.8 x 10 m2 /sec 
7.3 m 
0.0024 m3 /sec 
20.3 cm/yr 
1.0 
100 mg/1 
16 
, 26 
10, 30 yrs 
14.0-48.8 m 
English Units 
0 
0.25 
100 ft' 
0.3 
0.5 
80-350 ft 2 /day " 
24 ft 
. 2300 ft 3 /day 
8 in/yr 
1.0 
100 mg/1 
16 
26 
10, 30 yrs 
46-160 ft 
*N6te: fhe constant head boundaries were varied from 6.4-8.2 m , 
(21-27 ft) through the iterative process of calibration. 
ti 
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Cross-
Section 
B-B' 
BC-BC' 
C-C' 
D-D' 
* 
TABLE 20 
COMPUTED VS. OBSERVED (10/18/85) WATER LEVELS 
Cell 
Containing 
MW-2 
MW-8 
NRCP 
MW-7 
CL-1 
:tvIW-4 
CL-2 
MW-1 
MW-C 
Base Case 
Computed 
Cell Value 
438.41 
420.51 
436.56 
422.25 
433.64 
422.49 
418.85 
437.47 
417.65 
10/18/85 
Observed 
Well Value 
438.44 
419.68 
* 
421.19 
433.45 
422.01 
418.52 
437.21 
418.07 
Average Deviation 
No well near NRCP; however, pond cannot exceed El. 438. 
** 
-
Deviation 
from 
Observed 
-0.03 
+0.83 
** +1.06 
+0~ 19 
+0.48 
+0.33 
+0.26 
-0.42 
0.45 
Computed MW~7 value·is slightly over 0.31 m (1 ft); however, it is 
within tolerance relative to the slightly higher computed values of 
adjacent wells, MW-8 and CL-2. 
) 
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TABLE 21 -'pR~UNDWATER FLOW MODEL SENSITIVITY ANALYSIS 
Var·ied 
Parameters 
Transmissivity 
\ 
Diffuse Recharge 
NRCP Leakage 
m2 /s 
ft 2 /d 
m2 /s 
ft 2 /d 
cm/yr 
in/yr 
cm/yr 
in/yr 
m3 /s 
ft 3 /d 
Base 
Case 
-5 -4 8.6xl0 -3.76xl0 
80-350 
20 
8, 
0.0024 
2300 
Variations from 
Base Case 
"low" "high"· 
NiA 
N/A 
N/A 
N/A 
N/A 
N/A 
10 
4 
0 
0 
-4 -4 l.OxlO -4.SxlO 
96-420 
-4 -4 l.3x10 -5.6xl0 
120-525 
30 
12 
30 
12 
.0049 
4,600 
Remarks 
With Base Case NRCP·Leakage 
Without NRCP 
With Base Case NRCP Leakage 
Without NRCP 
Note 1: In the solute transport runs, the flow model simulation of 10/18/85 water level data was 
( 
.input as constant head cells for contaminant cells representing pond/pile contaminants. 
With these cells fixed, recharge at these cells was removed. 
Note 2: SRCP was excluded from study due to the: very short distance to the river (92 ~ or 300 ft), 
lack of several monitoring wells to model (only HW-11) and presence of NRCP from which 
inferences could be made. 
Note 3: N/A - Not applicab~e run. 
·1' 
For the case of increasing transmissivity by 1.2 times, the water table 
appears to drop uniformly by about 0.15 m (0.5 ft) (see Figure 19b). 
This is expected because transmissivity is in~reasing in two directions. 
Similarly, for the case of increasing transmissivity by 1.5 times with 
pond leakage set to zero, the water table appears to drop uniformly by 
about 0.31 m 
(Figure 20a). 
(1 ft)(Figure 20b), as compared with the base case 
B. Diffuse Recharge Sensitivity 
Another primary parameter for calibrating flow was diffuse recharge. 
The base case simulation used a diffuse recharge equivalent to 0.2 m/yr 
(8 in/yr). lhis means one-fifth of the annual precipitation was 
expected to percolate through the pile and unsaturated zone to reach the 
water table. 
A sensitivity analysis was performed on diffuse recharge at 1. 5 times 
the base case. Once again, the water table rose on average about 
0.305 m (1 ft); however, it rose less uniformly than the transmissivity 
simulation. The northern portion rose only 0.23 m ·(0.75 ft), while the 
southern .. portion rose 0.37 m (1.23 ft). An increase in water table 
would be expected, as more precipitation percolating through to the 
groundwater would add more water to the system, since all other param-
eters remained the same (Figure 21b). 
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C. North Runoff Collection Pond (NRCP) lecharge Sensitivity 
NRCP recharge was varied as another test of flow model sensitivity. In 
. 
one case, NRCP leakage is doubled that of the base case. In the other 
case, NRCP recharge (or leakage) is removed. In essence, this simula-
tion models the remedial measure of an impermeable liner in the NRCP. 
When NRCP leakage is. doubled, it produces higher water elevations 
(0.91 m or 3 ft higher than those of the base case) immediately down-
gradient of NRCP, which damp out toward the river, but has little or no 
effect on water levels 152 m (500 ft) north or south of NRCP 
(Figure 22a). This bulge is an exaggerated version of base case simu-
lations that achieved the 0.61 m (2 ft) bulge at Monitoring Well MW-7 
(Figure 22b) • 
.... 
This double-recharge pond simulation also caused an unreasonable water 
elevation increase in NRCP, exceeding the upgradient constant head 
values by 0.91 m (3 ft). While this simulation is unacceptable for 
model calibration purposes, it provides some useful measure of the 
~ensitivity of the pond recharge to the other model parameters. 
When NRCP leakage is set to zero, it produces lower water elevations 
(0. 76 m or 2.5 ft lower than tpose of the base case) immediately down-
~: 
gradient of the pond. A "reverse bulge" damps out toward the river and 
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laterally, having almost no impact 152 m (500 ft) north or south of the 
cross-section through MW-7 (Figure 22c). 
8.0 SOLUTE TRANSPORT MODEL ANALYSIS 
Solute transport of pile and pond leachate was the final step in this 
modeling effort. Geochemical parameters were added to the final fine 
grid groundwater flow model described in Sect:f.on 7. 3. 2. The simulated 
entry and transport of solute i~ the system was by far the most graphic 
depiction of the groundwater system activity. The sensitivity analysis 
of flow and transport parameters provided a range of possible scenarios 
of leachate activity in the system. In .. particular, the study of pro-
r 
gressive leaching over a simulated period of thirty years produced a 
time series of "snapshots," leading to a less-than-intuitive result 
about the simulated groundwater situation. 
8.1 Solute Model Calibration and Sensitivity Analyses 
All of the efforts thus far to simulate groundwater flow ~ere needed to 
better predict saturated groundwater transport a contaminant. Solute 
transport model calibration was conducted to simulate a range of con-
taminant transport mechanisms. The same parameters that varied in the 
flow model sensitivity analysis (transmissivity and recharge) were 
tested for solute transport and dispersion, using an arbitrary initial 
concentration of 100 ppm for an unspecified conservative contaminant. 
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-The base case results (Figure 23) show an almost one-dimensional ground-
water flow toward the river is slightly off set toward the south with 
two-dimensional dispersion of contaminant (see Tables 22 and 23 for 
output results using input parameters from Table 19). 
A. Flow Parameter Sensitivity 
Solute transport simulations· were. performed on all of the groundwater 
flow model parameters, already discussed in Section 7.5.1, as follows: 
A) Base Case 
B) Transmissivity * 1.2 (10 yrs) 
C) Transmissivity * 1.5 (10 yrs); No Pond 
D) Diffuse Recharge * 1.5 
E) Base Case .-< 
F) Diffuse Recharge* 1.5; No Pond (10 yrs) 
G) Base Case 
H) Pond Recharge* 2 (10 yrs) 
, See Table 24 and Figures 24-26 for these results. These results are 
discussed further in Section 8.2 - Solute Mass Sensitivity Summary. 
Solute transport simulations were Pf formed to test longitudinal dis-
persivity, porosity, thickness, and concentration, all ·at ten (10) years 
plus time period, as follows: 
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TABLE 22 
TEN-YEAR BASE CASE FLOW RESULTS 
Cumulative Mass Balance 
Recharge and Injection 
! 
Cumulative Net Pumpage 
Leakage Into Aquifer 
Leakage out of Aquifer 
t Cumulative Net Leakage 
Mass Balance Residual 
Error(%) 
Rate Mass Balance in 
Leakage Into Aquifer 
Leakage out of Aquifer 
Cumulative Net P~mpage 
Recharge and Injection 
/ 
/ 
_, 
Cumulative Net Leakage 
* 
21,647.3 
21,647.3 
23,667.7 
/' 45,314.4 
(m3 /sec) 
0.0021 
0.0040 
0.00192 
0.00192 
0.00192 
21,647.3 
(cfs) 
0.074128 
* 
-0.14193 
-0.0678 
-0.0678 
-0.0678 
(ft 3 ) 
-764,140 
-764,140 
835,470 
-764,150 
-764,150 
-0.00008095 
ft 3 /day 
592.2 
1133.9 
554.3 
554.3 
554.3 
Note this base case value in Table 27 and 28 - Solute and Flow 
Parameter Sensitivity Analyses. 
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TABLE 23 
TEN-YEAR BASE CASE SOLUTE RESULTS 
Chemical Mass Balance 
1. Mass In Boundaries 
2. Mass Out Boundaries 
3. Mass Pumped In 
4. Mass Pumped Out 
5. Inflow Minus Outflow 
6~ Initial Mass Stored 
7. Present Mass Stored 
8. Change Mass Stored 
Mass Balance Residual 
Error(%) 
/ 
* 
mg 
933,830,000 
* 
-434,580,000 
·788, 940,000 
0 
1,288,200,000 
0 
1,447,400,000 
1,447,000,000 
./ -159,230,000 
. 9.24% 
Note this base case value in Tables 27 and 28 - Solute and Flow 
~ 
Parameter Sensitivity Analyses. 
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TABLE 24 I 
GROUNDWATER FLOW MODEL SENSITIVITY ANALYSES 
AFFECT ON CONTAMINANT CONCENTRATION 
Case Revision 
Base Case 18Cl 
T * 1.2 54Cl 
T * 1.5; No Pond 40Cl 
Diff. Rech. *0.5; Pond In 29C 
Diff. Rech. *1.5; Pond In 28Cl 
Diff. Rech. *0.5; No Pond 31C 
Diff. Rech. *1.5; No Pond 30Cl 
2 * Pond 42Cl 
No Pond; C - 100 ppm 50Cl 
0 
Pond; C 1000.ppm 52Cl No -
0 52Cl 
NOTE: 
* 
Year 
10 
10 
30 
7.5 
8.75 
10 
10 
10 
10 
10 
10 
30 
, 
0. 79 
0.83 
**** 0.04 
; 
-
0.93 
-
*** 0.06 
0.96 
* 0.04 
. + 
0.042 ** 
0.042 
(C/C0lB* Figure 
0.55 23 
0.50 24b 
-o .. 58 
-
0 .12 24c 
- -
0.60 25a 
- -
0.20 25c 
o .• 69 26a 
0 .15 31a 
0 .148 31b 
0.225 31c 
A is where pond is simulated or would have been in the non-pond 
simulations. 
* ~~ 
Site maximum contaminant= 0.30 near MW-4. 
** \ Site maximum contaminant= 0.369 near MW-4. 
*** Site maximum contaminant= 0.41 near MW-4. 
**** . Site maximum contaminant= 0.25 near MW-4. 
+ . 
Site maximum contaminant = 0.23 near MW-4 •... 
* B is where groundwater enters river directly downgradient of pile 
and pond. 
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A-1) Longitudinal dispersivity - 9.1 m (30 ft) 
A-2) Longitudinal dispersivity - 30.5 m (100 ft) - base case 
A-3) Longitudinal dispersivity - 91.4 m (300 ft) 
A-4) Porosity s 0.20 
A-5) Porosity= 0.25 - base case 
A-6) Porosity• 0.35 
A-7) Thickness= 7.0 J- 25.6 m (23-84 ft) 
A-8) Thickness= 14.0 - 51.2 m (46-168 ft) - base case 
A-9) Thickness= 21.0 - 76.8 m (69-252 ft) 
A-10) Time Period= 10 yrs - base case 
A-11) Time Period= 20 yrs 
A-12) Time Period= 30 yrs 
A-13) Concentration C = 100 ppm - base case 
0 
A-14) Concentration C = 1,000 ppm 
\ 0 
See Tables 25 aI:! 26 and Figures 27-31 for these results. 
B. Dispersivity Sensitivity 
j 
" 
The results of the dispersivity simulations are presented in Table 26 
and Figure 27 a and b. These results can be explained by considering 
one-dimensional flow in a pipe (Freeze & Cherry, 1979) • Higher dis-
persion tends to smear the contaminant front causing lower concentra-
tions at close distances and higher concentrations far downgradient. 
· After 9.44 years, the case of dispersivity = 9.1 m (30 ft) was reaching 
• 
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Varied 
Parameters 
Effective Porosity(%) 
Thickness m 
ft 
Longitudinal -m 
Dispersivity 
ft 
Concentration ppm 
;. 
TABLE 25 - SOLUTE MODEL PARAMETER SENSITIVITY ANALYSIS 
Base 
Case 
0.25 
14.02 -51.2 
46-168 
30.5 
100 
100 
Variations from 
Base Case 
"low" fr" "high" 
0.20 0.35 
7.01-25.6 
23-84 
9. l 
30 
21.0-76.8 
69-252 
91 
. 
300 
1,000 
1,000 
Remarks 
,• 
Selected based on typical 
values (Freeze & Cherry • 
. 1979) 
Based on several water 
budget iterations 
Selected based on field 
values in the literature 
Freeze & Cherry, 1979) 
a /a1 remained 0.3 
tkroughout simulations 
Pond and Pile 
Pile Only 10, 30 years 
• 
~·. 
.. 
-., 
l 
't 
I, 
TABLE 26 
SOLUTE MODEL SENSITIVITY ANALYSIS 
EFFECT ON CONTAMINANT CONCENTRATION 
' 
Case Revision Year (C/Co2_A* (C/ColB* 
Base 
n = 0.20 
n = 0.35 
Thin 
Thick 
a1 = 30 
a1 -= 300 
C • 1000 
0 
18Cl 
18Cl 
., 
18Ct 
19C 
19BC 
20BC 
20C 
21C 
21BC 
48Cl 
48Cl 
48Cl 
10 
20 
30 
10 
10 
10 
10 
(9.4) 
10 
10.9 
20.45 
30 
* A - Just downgradient of NRCP. 
0.84 
0.90 
0.90 
0.90 
0.98 
0.84 
0.89 
0.97 
0.74 
0.85 
0.90 
0.90 
0.55 
0.65 
0.66 
0.60 
0.38 
0.76 
0.36 
0.65 
0.43 
0.57 
0.65 
0.66 
* B - Downgradient of NRCP; closest cell to river (similar to MW-7, 
CL-3 location). 
( 
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30a. 
. 30b 
30c 
28a 
28c 
29a 
29c 
-
27b 
--
--
31d 
' I 
., 
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-\ 
a C/C • 0.65 at the cell nearest the river, while the case of disper-
o 
sivity • 91 m (300 ft) had reached only C/C • 0.43. Likewise, the 
0 
maximum contaminant was C/C • 0.97 for th.e smaller dispersivity and 
0 
C/C = 0.74 for the larger dispersivity. 
0 
After ten years, the base case of dispersivity = 30. 5 m ( 100 ft) had 
h d h C/c~ reac e t e river at 
0 
== 0. 55, while the larger dispersivity had 
reached the river at C/C = 0.44. Likewise, at ten years, the maximum 
0 
contaminant was C/C = 0.84 for the base case and C/C • 0.72 for the 
0 0 
larger dispersivity. 
If a wider band of dispersivities had been tested, perhaps the site 
would have shown a greater sensitivity to this parameter. 
c. Porosity Sensitivity 
.... 
T9e results of the sen~itivity analyses on porosity are shown in 
Table 26 and Figures 28a, band c. The results suggest that porosity is 
fairly insensitive to variations. For the base case simulation, where 
porosity is 0.25, at the tenth year, the concentration at the river is 
C/C = 0.55 directly downgradient of NRCP and C/C = 0.84 at the cell 
0 0 
nearest NRCP. For the simulation where porosity is lowered to 0.20, at 
the tenth year, the concentration at the river is C/C = o·.6 for a cell 
0 
directly downgradient of NRCP and C/C = 0.9 at the ·Cell nearest NRCP. 
0 
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With lower o·orosity, the velocity and thus contaminant spread is 
increased. 
For the simulation where po-rosity is raised to O. 35, at the tenth year., 
the concentration at the river is C/C • 0.38 directly downgradient of 0 
NRCP and C/C = 0.98 at the cell nearest NRCP. Thus, with higher poros-
o 
ity, the velocity and contaminant spread are decreased. 
D. Thickness Sensitivity 
The .results of the thickness sensitivity analyses are shown in Table 26 
and Figures 31a, band c. For the base case simulation, where thickness 
varies from 14.0-51.2 m (46-168 ft), at the tenth year, the concentra-
tion at the river is C/C = 0.55 directly downgradient of NRCP and 0 
C/C = 0.84 at the cell nearest NRCP. For the simulation where thick-
o 
I 
ness is reduced to vary from 7.0-25.6 m (23-84 ft), at the tenth year, 
the concentration at the river is C/C = 0.76 directly downgradient of 0 
NRCP and C/C = 0.84 at the cell nearest NRCP, identical to that of the 
0 
base case. Since transmissivity is held constant, the hydraulic conduc-
tivity is interpreted as a higher value. 
With reduced thickness, the contaminant spread is increased and 
increased lateral spreading r~sults. For the simulation where thickness 
is increased to vary from 21.0-76.8 m (69-252 ft), after ten years, the 
concentration at the river is C/C = 0.36 directly down.gradient of NRCP 0 
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and C/C • 0.89 at the cell nearest NRCP, slightly higher than either of 
0 
the other cases. With increased thickn~ss, the contaminant spread is 
.. 
decreased downgradient and laterally since hydraulic condu.ctivity is 
interpreted as lower. 
( 
E. Base Case Simulati - Time Perioa Sensitivit 
Transient analysis simulations of the base case that were 
nearly identical for the 20-30-year time period (Table 26 and 
Figures 30a, b and c). For the base case (10 year) simulation (time 
step = 11), the concentration at the river is C/C = 0.55 for a cell 0 
directly downgradient of NRCP and C/C = 0.84 at the cell nearest NRCP. 0 
In the twentieth year, the concentration at the river is C/C = 0.65 for 0 
a cell directly downgradient of NRCP and C/C = 0.90 at the cell nearest 0 
NRCP. 
In the thirtieth year, the concentration at the river is C/C = 0.66 for 0 
a cell directly downgradient of NRCP and C/C = 0.90 at the cell nearest 0 
NRCP. 
• 
The 30-year case showed slightly more lateral dispersion of contaminant 
than the 20-year case. This contamination match indicates that a 
dynamic equilibrium has been reached. This stable condition of dynamic 
equilibrium means that the "clean" upgradient flow dilutes the leachate 
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and transports it downgradient without reaching the source concentra-
. tion. In essence, the system has reached a certain chemical steady-
state condition.( 
F. Concentration Sensitivity 
• 
. 
The results of the chemical concentration simulations, for the tenth 
year, are shown in Table 26 and Figures 31a and 31b. In this series of 
simulations, NRCP leakage is set to zero and C - 100 ppm is assumed o~ 
over the coal pile. At the tenth year, 30 ppm is observed near the 
southern coal pile well and 22 ppm is observed on the northern part of 
the coal pile north of MW-5. The highest concent1rtion to reach the 
river is 16 ppm near MW-7. 
For the base case with NRCP leakage set to zero, where the initial 
concentration of contaminants is C = 1000 ppm, at the tenth year, a 
0 
high value of 301 ppm is observed near MW-4 at the same cell as in the 
case described above. A high value of 216 ppm is observed in the 
-
northern part of the coal pile north of MW-5. The highest concentration 
to reach the river is 160 ppm near MW-7. This case is nearly ten times 
the base case in all respects. 
· For the base case with NRCP leakage set to zero, where the initial 
concentration is C = 1000 ppm, at the thirtieth year, a high value of 
0 
' 
388 ppm is observed near ., MW-4. A high value of 285 ppm is observed in 
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the northern part of the coal pile. The highest concentration to reach 
the river is 300 ppm directly downgradient of the 388 ppm value, near 
CL-2. 
A base case simulation with pond leakage and C = 1000 ppm, was made to 
0 
compare directly with this 30-year simulation. The values are approxi-
' . 
mately ten times that of the base case for areas that are south of MW-4 
and out of the influence of the pond leakage. The 30-year simulation at 
C = 1000 ppm shows a high value of 900 ppm near NRCP and a value of 
0 
about 660 ppm at the river near MW-7 (Figures 31c and 31d). 
8.2J Solute Mass Sensitivity Summary 
/ 
A final comparison of simulated mass exiting the aquifer at ten years is 
shown in Tables 27 and 28. Table 27 shows those simulations (revisions) 
affecting only solute transport and not flow rate. With the exception 
of the conce~tration sensitivity, the highest sensitivity involved the 
saturated thickness ranging from 49-270% of the base case value for mass 
out of the system; the porosity sensitivity was second highest, ranging 
from 57-134% of the base case. Dispersivity showed the least sensi-
tivity, ranging from 75-115% of the base case. If a w-ider range of 
dispersivity values had been selected, the range of sensitivity to the 
base case would also increase. 
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Base Case 
n = 0.20 
n = 0. 35 · 
n = 0.35 
Thin 
Thick 
a = 30 L 
a • 300 L 
C = 1000 
0 
TS• Timestep 
Revision 
18Cl 
18Cl 
18C 1 
19C 
19BC 
198C 
20BC 
20C 
21C 
21BC 
48Cl 
48Cl 
48Cl 
Yr. 
7.5 
20 
30 
-
10 
10 
10 
10 
10 
5 
(9.4) 
10 
l O. 9 . 
20.45 
30 
' 
TABLE 27 
SOLUTE TRANSPORT SENSITIVITY ANALYSIS 
AFFECT ON HASS OUT OF SYSTEM 
ft 3 /day 
12,262 
Leakage Out 
(cfs) 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
0.14193 
m3 /sec 
0.04326 
. 
X 
9 10 mg/10 yrs. 
Mass Out 
0.20541 
1. 8003 
3.3924 
0.58143 
0.24492 
0.24650 
1.1657 
0.21417 
0.04016 
(0.32418) 
0.50041 
5.3192 
18.705 
33.924 
' TS 
22 
22 
18 
8 
18 
18 
8 
18 
18 
22 
22 
2.2 
% Base Case 
\ 
(100] 
134 
56.4 
56.7 
268 
49.3 
115 
1224 
• 
• 
...... 
...... 
0 
' 
Revision 
Baf;c Case 18C l 
No Pond 50Cl 
No Pond 52Cl 
.c = 1000 52Cl 
0 
1'* 1 • 2 54Cl 
Pond in 
T*l. 5 40Cl 
No Pond 40Cl 
2~Pond 42Cl 
Diff. Rech. *l.5 28Cl 
Pond in 
Diff. Rech. *1.5 30Cl 
No Pond 
Diff. Rech. *0.5 
No Pond 
Diff. Rech. •0.5 
Pond in 
TS= Timestep 
31C 
29C 
Yr. 
10 
0 
10 
10 
30 
10 
30 
-7.5 
10 
10 
10 
10 
10 
8. 75 
TABLE 28 
GROUNDWATER FLOW SENSITIVITY ANALYSIS 
AFFECT ON HASS OUT OF SYSTEM 
.. 
Leakage Out 
ft 3 /day (cfs) 
12,262 0.14193 
11,469 0.13274 
11,469 0.13274 
11,469 0.13274 
14,291 0. 16541 
14,291 0 .16541 
15,646 0.18109 
15,646 0.18109 
13,597 0 .15738 
13,997 0 .16201 
13,065 0.15122 
9,332 0 .10801 
10,027 0 .11605 
.. 
Base 9 Case X 10 mg 
m3 /sec % Mass Out TS 
-
0.04326 100 0.43458 28 
0.04046 94 0.20864 22 
0.04046 94 2.0864 22 
0.04046 94 18.251 22 
~ 
0.05041 117 0.60759 22 
0.05041 117 3.9932 22 
0.05519 128 0 .18327 12 
0.05519 128 0.35328 12 
0.04798 111 0.71387 18 
0.04938 · 114 0.59868 28 
0.04609 107 0.34056 28 
0.00409 
0.0354 
76 (No Solute 18 
Run) 
81 (No Solute 8 
Run) 
Base 
Case 
% 
100 
48 
480 
[538} 
· 140 
[ 118]. 
(89) 
81.3 
164 
138 
78 
-
< 
/,{/ 
' . 
Table 28 shows simulations affecting both flow and solute transport, for 
transmissivity and recharge. The flow rate ranged from 76-128% of the· 
base case; the lowest flow rate occurred for the simulatio~ where 
diffuse recharge• 10.6 cm (4 in), and no pond was simulated. 
• 
The highest flow rate occurred for the simulation where the transmis-
sivity was increased by 50%, with pond leakage set to zero. With the 
exception of the cqncentration sensitivity, the highest solute sensi-
tivity (164%) occurred where the pond leakage was doubled. The sensi-
tivity of pond leakage rate ranged from 48-164% of the base case value 
for solute mass out_of the system. The sensitivity for the 31 cm. 
(12 in) recharge ranged from 78-138% with and without pond leakage . 
.  
8.3 Mass Loading Rates 
at which solute mass enters the aquifer and exits into the 
a very~seful measure of the contaminant risk to the areas 
·1mmediately down.gradient of the site. The base case parameters, as 
The rate 
river is 
simulated for a thirty-year period, produce mass accumulation and mass 
loading rates as shown in Table. 29. 
By the fifteenth year of simulation, the aquifer contains 91% of the 
mass that it will contain ~t 30 years; the river has received only 31% 
' 
4 
./( 
of the mass that it will receive by thirty years. In essence, the mass 
being stored in the aquifer is reaching its "dynamic equilibrium" state 
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TS Yr 
- -(Col. I) (Col. II) 
• 
1 1.36 
2 2.72 
3 4.09 
4 5.45 
5 6.82 
6 8.18 
7 9.55 
8 10.91 
9 12.27 
10 13.63 
11 15.00 
13 11.13· 
15 20.45 
17 23.18 
19 25.91 
21 28.64 
2-2 30.00 
. ~- ., ... - _____ ...... -- . . -
TABLE 29 
• 
MASS LOADING RATES 
INFLOW INTO AQUIFER AND 
OUTFLOW TO RIVER 
- BASE CASE -
Mass at C 
-
Mass Load 
0 100 ppm Rate In 
Stored (Kg) Kg/Yr 
(Col. III) (Col. IV) 
261.04 191.9 
525.35 193.l 
{' 
; 776.41 189.8 
985.66 180.8 
1,168.20 171.3 
1,316.20 160.9 
1,427.80 149.5 
1,517.90 139.1 
1,590.40 129.6 
1,657.80 121.5 
1,695.20 113.0 
• 
1,745.70 98.5 
1,785.50 87.3 
1,814.70 78.3 
1,831.20 70.7 
1,847.00 64.5 
1,863.10 62.1 
' 
• 
Mass Load 
Cumulative Rate Out 
Mass Out Kg/Yr 
(Col. V) (Col. VI) 
1.88 1.32 
9.90 3.64 
7.65 
6 
31.30 
77.20 14.17 
152.81 22·. 41 
256.50 31.36 
384.33 40.29 
531.92 48.76 
695.66 56.69 
871.88 63.96 
1,058.40 70.56 
1,454.50 82.01 
1,870.50 91.47 
2,296.90 99.09 
2,731.20 105.4 
3,170.?0 110.7 
3,392.40 113.08 
f loo dd 1 h 15-30 + 3,392.4 - 1,058.4 I C
0 
= ppm, a itiona Mass out eac yr 15 = 
156 !& = 344 ~ = 0.172 ton J yr yr yr 
lb ton Then if C = 5,000 ppm+ 17,200 -- + 8.6 ; however, may start earlier 
o yr yr 
ton 
than 15th year if 10,000 ppm~+_ 17.2 ---
. yr 
Col. IV= Col. III f Col. II 
Col. VI= Col. V i Col. II 
TS= Timestep 
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in the latter half of this simulation, causing the mass exiting the 
aquifer (to the river) to stabilize as well. • • 
The mass loading rate out of the aquifer, for the last fifteen simulated 
years is 156 kg/yr or 0.172 ton/yr, for the assumed initial concentra-
tion of 100 ppm. If the initial concentration was 100 times higher 
(10,000 ppm), this would produce a loading rate to the river of 
15,600 kg/yr or .17.2 ton/yr. 
Depen4ing on the actual contaminant, these values may or may not impose 
undue risk on downstream water users. In Section 8. 4, tolerance tests 
on water quality are performed. A .contaminant of 115 mg/1 was assumed 
to be manganese and a contaminant of 5,000 mg/1 was assumed to be sul-
fate. Actual contaminants will react with the environment and may be 
affected by solute concentration. 
8. 4 Water Quality Calibration Analy_sis 
A primary goal of the study effort was to reasonably match water levels 
ari.d water quality measurements. An excellent match of all water levels 
to within ±0.305 m (±1 ft) was achieved through transmissivity and 
recharge calibration; then solute runs for an arbitrary C = 100 ppm a~d 
0 
C = 1000 ppm were simulated to compare with existing water quality 
0 
data. 
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The results of two· tolerance tests are shown in Table 30. Actual 
manganese (Mn) values are listed in the first column. The first com-
parison is in Columns 2-4. Base-case simulation values are divided _by 
C to compare to actual Mn values divided by 100. The four th column 
0 
shows that four out of six values are within ±5%, if the'initial con-
centration of leachate was 100 ppm. However, this analysis excludes the 
Mn value at MW-5, since .it is greater than .C (114 ppm) and, therefore, 
0 
would not be possible unless background values were much higher. 
The second comparison is in Columns 2, 5 and 6. The base-case simula-
tion is compared with the actual Mn values which are divided by 115 as a 
hypothetical C . In this comparison, the sixth column shows that all 
0 
well values are reasonable for analysis; however, the MW-5 ratio is for 
the computed rather than the actual value. Four other wells are (MW-2, 
4, 7 and CL-2) within + 10%, one well is within +20% (MW-8) and one 
within+ 30% (CL-1). 
Overall, these results are showing a good match with existing manganese 
data. At least one upgradient· well, one coal pile well and two down-
gradient. wells are within tolerance (10%), for an assumed pond-sampled 
manganese value of 115 ppm. 
Table 31 shows a similar analysis for sulfate. Overall, these results 
are showing a good match with existing sulfate data. At least one 
upgradient well, one coal pile well and two downgradient w'e-lls are 
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U1 
I 
MW 
2 
5 
8 
7 
CLl 
4 
CL2 
Actual 
Mn 
1.18 
(114] 
13.9 
6.2.0 
1.25 
33.8 
35.6 
* . . <~,, 
• 
\ 
Base 
Case 
C = 100 
0 @ 30 yrs. 
C/C 
0 
0.09 
0.26 
0.29 
0.67 
0.25 
0.38 
0.35 
TABLE 30 
WATER.QUALITY CALIBRATION ANALYSIS - MANGANESE 
If Actual 
Pond Was 
C = 100 
0 c/c 
0 
0.012 
• 
0. 14 
0.62 
0.013 
0.34 
0.36 
Hodel 
Run Was 
H, OK, I~ 
OK ±0.0.05 
OK 
* 
H 
OK 
H 
OK 
OK 
C 
If Pond 
Was 
= 115 
0 c/c 
o-
0.011 
0.99 
0 .13 
0.57 
0.012 
0.31 
- 0. 33 
Model 
Run Was 
H, OK, L 
OK :!:O .10 
OK 
L 
H 
OK 
H 
OK 
OK 
Unreasonable value for this analysis. 
II - High; L - Low 
/ 
I' 
Remarks 
Some unknown 
f,low path 
fracture? 
Always seems 
low . 
Could be very 
sensitive to 
pond location 
like MW-2. 
• 
I 
..... 
..... 
°' I 
MW 
-
2 
5 
8 
7 
CLl 
4 
CL2 
NRCP 
· 1 
Actual 
Sulfate 
45.3 
4835 . 
560 
2820 
65 
1940 
1800 
? 
• 
If Actual 
'Pond Was 
C = 8000 ppm 
0 Sulfate 
C/C 
0 
0.006 
0.604 
0.070 
0.353 
0.008 
0.225 
1.000 
TABLE 31 
WATER QUALITY CALIBRATION ANALYSIS - SULFATE 
Base 
Case 
C = 100 
0 ~ 30 Yrs. 
C/C 
' 
0 
.09 
.26 
.29 
.67 
.25 
.38 
.35 
.35 
• 
Model 
Run Was 
H, Ok, I .. 
OK =· ±0. l 
OK 
L 
H 
H 
H 
H 
H 
H _· 
If Pond Was 
C = 5000 ppm 
0 Sulfate 
C/C 
0 
0.01 
0.97 
0. l l 
0.56 
0.01 
.01 
0. 39 
0.36 
0.36 
Hodel 
Run Was 
H, OK, 1. .. 
OK = :!:O. 10 
OK 
L 
H 
OK 
H 
OK 
OK 
OK 
Remarks 
• 
This actual value 
seemed low since 
first review. 
· Note: This analysis holds for measurements at wells. However, if leachate C/C • 5000 ppm, this may 0 
mean that the computed values near NRCP exceed 5000 ppm and may be unreasonable for analysis. 
H - High; L - Low 
/. 
• 
• 
• ~ ' I 
'l 
J 
within tolerance ( 10%), for an assumed pond-sampled sulfate value of 
5,000 ppm. 
9.0 CONCLUSIONS AND RECOMMENDATIONS 
1. This research demonstrates that complex groundwater transport prob-
lems can be analy~ed satisfactorily using numerical models. This· 
model represents a reasonable interpretation of the hydrologic 
system from the available data and with present resources. Since 
data for several important parameters l(such as source concentra-
tions) were unavailable, analyses are presented for assumed values 
of these parameters. 
2. Increasingly complex models greatly assisted in the understanding 
of hydrologic and groundwater quality changes with respect to 
recharge leaching from the North Runoff Collection Pond (NRCP) and 
the pile itself • 
3. Groundwater flow simulations were calibrated to within 0.305 m (or 
1 ft) of all (9) wells in the region of greatest interest for the 
best available water level data. [This region excluded the north-
ernmost wells (MW 3, 6, 9 and 10), which had limited contamination, 
and two of the southernmost wells (MW-Band D), which had limited 
geologic data and were uncased.] 
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4. For the assumed parameters, solute transport simulations produced a 
good match of the existing groundwater quality for some of the 
higher chemical concentrations sampled in a majority of the wells 
beneath and surrounding the pile. 
5. Groundwater model simulations showed that a dynamic chemical equi-
librium was reached in the nineteenth year of constant coal· pile 
contaminants leaching into the groundwater. Simulations to the 
thirtieth year showed only minor transverse plume growth still 
occurring. These results are very dependent upon the assumed 
parameters including dispersivity and transmissivity. 
-~ 6. Additional data is n,eded to verify important model · assumptions 
before more realistic simulations can be conducted and before 
three-dimensional modeling is warranted (see Recounnendations) • 
7. A higher water level and significant contamination of one well 
(MW-7) plus terrain conductivity data (by previous investigations) 
lead to modeling significant leakage from the North Runoff Callee-
tion Pond located directly upgradient of the well. Simulated 
removal of this leakage (similar to the remedial action of lining 
the pond) lead to reduced water level and significantly reduced 
.,. 
contamination at this well and adjacent wells. The solute mass out 
' 
of the system for this simulation was reduced to 48% of the cali-
- 118 -
<' 
-
-brated "base case" simulation. More data on the pond and adjacent 
groundwater conditions are needed to substantiate this result. 
Recommendations 
1. Significant additional data collection would be required to verify 
important model assumptions. However, minor additional data col-
lection can verify some of these important assumptions: 
a. Runoff Collection Pond Quality - Both ponds should be sampled 
and water level measur~d concurrent with groundwater quality 
sampling. 
b. Well Installation - A well should be installed immediately 
downgradient of the North Runoff Collection Pond to determine 
accurately water level and water quality. 
c. Upgradient Well - An existing upgradient (preferably domestic) 
well should be found and water levels measured to establish 
upgradient constant head conditions. The well should be at 
least 152 m (500 ft) upgradient (west) of the existing 
monitoring wells. 
d. Well Resurvey - The vertical resurvey of all of the existing 
wells and installation of pond staff gauges would verify water 
' 
- . 
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level data. At least one well (MW-3) may have settled, 
" 
This Jrocedure is relatively resulting in erroneous readings. 
inexpensive for the reduced risk of faulty data. 
I 
2. Water levels of ponds and wells should be monitored on a monthly 
basis for a year and then on a quarterly basis to establish maximum 
and minimum seasonal values. 
3. Further modeling should wait until Reconunendation lb and le are 
implemented. 
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APPENDIX A 
• 
Plant Operating Practices 
,# 
Electric utilities stockpile 1.8 x 10
11 kg (175 million tons) of coal, 
according to a 1982-83 estimate (EPRI, 1985) • The 
Plant stores approximately 1.3 x 10
9 kg (1.3 million tons) in its coal 
pile or almost 0.7% of all U.S. reserves. The large amount, compared to 
the relatively small size of the plant, is due to its unique combination 
of anthracite and bituminous coa burning. Anthracite coal and silt are 
' 
scarce, so stockpiling is impor ant in case of shortages or stoppages at 
the limited number of coal supp iers (Personal Communication, M.D. Re~m, 
1985). 
Nearly 90% of the pile is anthracite coal (6%) or anthracite silt (83%) 
(T~ble 32). Anthracite silt is a waste product of the anthracite coal 
mining process. Since it is a waste, the fuel is very inexpensive. The 
Company recovers the silt by reclaiming abandoned silt ponds that have 
been drained and covered. Since these ar~ scarce sources, the silt is 
stockpiled (Personal Communication M. D. R.ehm, 1985). 
The anthracite silt and coal, relative to the other coal/coke in the 
other subpiles, are: 
- 124 -
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TABLE 32 
i 
COAL SUBPILE VOLUME, AGE AND QUALITY 
% of Htu Moisture Ash Sulfur 
Tons Total Days Content (%) (%) (%) 
Medium Volatile 102,000 8 44 (fresh) high 4-8 10-15 2 
Bituminous Coal 
I 
Low Volatile 17,300 I 43 (fresh) high 4-8 10-15 2 
Bituminous Coal 
Prepared Anthracite 76,400 6 255 (aged) low 5-15 15-20 0.5-1 
Coal 
Anthracite Silt 1,107,000 83 692 (aged) low 15-20 , 25-40 0.5-1 
Petroleum Coke 20,500 2 68 (fresh) high 8 l 4-6 
1,323,200 100 
Note: 
~ 
Data are taken from only one monthly report, but are assum
ed to be fa1rly representative of a 
steady-state condition of the pile (Internal Company Stockpile Inventor
y Report, Oct., 1985), 
.. 
f . 
,· 
0 higher in moisture content (5 - 20%) 
' 
o lower sulfur content (less than 1%) 
o older (so~e silt has been on the bottom of the pile at least 
15 years) 
o possibly more compacted (as it is all trucked in and it is a 
finer material) 
o in the largest, highest pile (generally_ favther from the 
groundwater table) 
This information is of mixed value: 1 
o Moisture Content/Infiltration Flow Path - The high moisture could 
mean highest leachate volume; however, the longer flow path (in some 
cases, 18.3 m (60 ft) to the ground surface) could reduce leach.ate 
amounts substantially. Table 32 compared these pile moisture 
statistics. 
0 Age/Sulfur - Literature, previously cited, asserts that older piles 
are essentially more toxic; however, for this site, the anthracite has 
less than one-half the available sulfur as fresher bituminous coal and 
less than· one-fourth tl'ie available sulfur as in petroleum coke. No 
- 126' -
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\ 
measurement' of pyrite or framboidal pyrite percentages (the strongest 
factor in acid leachate potential) is available, as this is not yet an 
\--,accepted industry standard for fuel value or environmental quality. 
0 Compaction/Size - ~he level of compaction (for trucked versus rail 
transported coal) may be less important than the size. Silt, as the 
name implies, ,s fine silty coal making it the least resistant to water 
transport. Silt fines carried by runoff must be periodically dredged 
from the col lee tion ponds and drainage channels and returned to the 
pile. Although this is true of coal piles as well, silt piles ·could 
have an even greater potential for siltation. 
0 Size/Particle Size Distribution - This siltation potential must 
also be assessed in light of particle size distribution. If the silt 
pile is more uniform than the coal subpiles, which presumably have a 
larger particle size distribution (large and small coal pieces and 
silt), then even though it may be more compact (denser), it may have a 
lower hydraulic conductivity than the coal-silt mixture; the hydraulic 
·, 
conductivity of the coal-silt mixture could be higher due to the smaller 
"grains" occupying a larger fraction of the space· around the large 
grains than the uniform grains would around each other. No studies of 
1 
coal pile hydraulic conductivity are available to conf inn this asser-
tion. 
Some qualitative aspects of pile shape are: 
- 127 ... \ ' 
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o extent of contouring 
· o potential for ponding 
Good contouring of the pile assures that ponding will be limited. Few 
completely flat or depressed surfaces should exist on the pile. Company( 
personnel believe that greater care· is being taken in this aspect of 
pile maintenance than in prior years (Personal Communication, M.D. Rehm, 
1985). No direct observations of the pile after a heavy rain have been 
undertaken to verify this. One possible area of ponding exists upgrad-
ient and somewhat southwest of MW-5 (Figure 1). However, this area is 
also not far from the NRCP, so the both sources may be affecting the 
groundwater. 
In summary, the various pile factors affected by plant operating prac-
tices are numerous, with numerous assertions remaining to be proven or 
disproven. Only the generalized factors (of ponds as recharge areas) 
were incorporated into this modeling effort • 
----·-
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Figure 22c (bottom) - Groundwater Contours for NRCP Recharge• O 
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Figure 24a (top) - BASE CASE Solute Plume (10 years) 
I 
l 
I 
l 
I 
I 
l 
I 
~ I 
• J 
l 
- -
- - -
Figure 24b (middle) - Solute Plume for Transmissivity * 1.2 
Figure 24c (bottom) - Solute Plume for Transmissivity * 1.5 and NRCP 
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Figure 25a (.top) - Solute Plume for Diffuse Recharge* 1.S 
Figure 25b (middle) - BASE CASE Solute Plume (10 years) 
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Figure 25c (bottom) - Solute Plume for Diffu~e Recharge* 1.5 and NRCP 
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Figure 26a (top) - Solute Plume for NRCP Recharge ~(10 years) I 
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Figure 26b (middle) - BASE CASE Solute Plume (10 years) 
Figure 26c (bottom) - Solute Plume for NRCP Recharge• 0 (10 years) 
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DISPERSIVITY SENSITIVITY - 10 years 
Figure 27a (middle) - BASE CASE Solute Plume (aL • 100 ft; aT • 30 ft) 
Figure 27b (bottom) - Solute Plume for aL • 300 ft; aT • 90 ft 
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POROSITY SENSITIVITY - 10 years 
Figure 28a (top) - Solute Plume for n • 0.20 
Figure 28b (middle) - BASE CASE Solute Plume (n • 0.25) 
Figure 28c (bottom) - Solute Plume for n • 0.35 
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THICKNESS SENSITIVITY - 10 years 
Figure 29a (top) - Solute Plume for b • 23-84 ft 
Figure 29b (middle) - BASE CASE Solute Plume (b • 46-168 ft) 
Figure 29c (bottom) - Solute Plume for b • 69-252 ft 
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TIME PERIOD SENSITIVITY - BASE CASE Solute Plume 
Figure 30a (top) - 10 years 
Figure 30b (middle) - 20 years 
Figure 30c (bottom) - 30 years 
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CONCENTRATION SENSITIVITY - at 10 years 
Figure 31a (top) - BASE CASE (except NRCP Recharge• 0 and C • 100 ppm) 0 Solute Plume (Same as Figure 26c) 
Figure 31b (bottom) -
1000 ppm) Solute Plume 
BASE CASE (except NRCP Recharge • 0 and C • 0 
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CONCENTRATION SENSITIVITY - at 30 years 
Figure 31c (top) - BASE CASE (except NRCP Recharge• O; C • 1000 ppm) 
Solute Plume 
0 
Figure 31d (bottom) - BASE CASE (except C • 1000 ppm) 0 
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